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A b s tra c t
Gastrointestinal m otility investigations involve the study o f  the m otions o f  the bowel. 
Their goal is to understand the nature o f  the physical interactions that take place 
betw een the gut wall and its contents in both health and disease. The aim  o f  this 
project was to develop a com puterised system  for the m easurem ent, inspection, 
analysis and collation o f  prolonged, ambulatory m anom etric records from  w ithin the 
hum an small bowel. This was planned to evolve from  existing analogue techniques 
using a specially com m issioned digital data-logger.
This thesis describes the testing o f the data-logger by com parison w ith an accepted 
standard technique, investigating its long-term  stability and the effect o f  different 
sam pling rates. Then the developm ent o f  a  means o f  detecting intestinal contractions 
w ith m inim al artefact is described. W hen validated against 6 experienced hum an 
observers the program  had a sensitivity o f  between 84-95 % and a positive 
predictability o f  98 % in a noise free signal falling to 37 % in a signal containing 
m any m ovem ent artifacts and few contractions. The inter- and intra-observers 
response was found to be variable displaying a high degree o f  subjectivity in  their 
assessm ent w ith respect to the computer.
Further m ethods for the classification o f intestinal activity in the tem poral dom ain 
such as contraction frequency and the occurrence o f  clusters o f  contractions are 
described.. A  new  param eter, Psw is proposed which provides an indication o f  the 
relative inter-contractile separations. The effect o f  m eals and disease on Psw, 
contraction and cluster incidence is investigated and all three param eters are found to 
be m arkedly affected by feeding.
A  program  for the identification o f contractile propagation across adjacent sites is 
described, w ith reference to both a com puter m odel and data from  healthy subjects. A
cross-correlation m ethod is devised for the accurate assessm ent o f  propagation 
velocities.
Finally, the form  o f  database currently ussd  for the clinical reporting o f  routine small 
bowel m otility investigations is described w ith suggestions for im provem ents and 
additions to this database which are planned.
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C h a p t e r  1 In tro d u c tio n
One m ight consider the functions o f  the gastrointestinal tract to be that o f  ingestion, 
storage, transfer, breakdow n and absorption o f  nutrients, coupled w ith the secretion, 
storage, transfer and ultim ate expulsion o f  digestive waste products and m etabolic 
biproducts. The field o f  gastrointestinal m otility involves the study o f  the m echanical 
interaction o f  the gut w ith its contents and those m echanism s w hich m ay affect this 
interaction.
M any m echanism s work synergistically within the gastrointestinal tract and disease 
m ay affect any one o f  these processes, thus disrupting their efficiency. The integrity 
o f  these processes is thus reliant on a large num ber factors and m ost individuals, 
particularly in later life, w ill suffer from  some intestinal disorder. M ost o f  us are 
fam iliar w ith symptom s o f  acute dyspepsia (an upset stomach), but in later life it is 
com m on to find people suffering from  m ore chronic disorders such as gastro- 
oesophageal reflux disease, inflamm atory bowel disease or constipation. M uch o f  the 
research into the function o f  the bowel is concentrated on clearly defined organic 
disease which m ight be identified by endoscopic investigation or, histological or 
chem ical exam ination o f  specim ens obtained from  patients. D ynam ic investigations 
o f  gastrointestinal function are far m ore difficult to execute and have received less 
attention clinically because, even now, the underlying norm al physiology o f  such 
processes is poorly understood.
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A lthough interest into the m otions o f  the gut is by no m eans new, it is only for about 
the last thirty years that the field has developed significantly. Studies into the control 
pathw ays which m ay m odulate gut action have revealed a highly com plex interaction 
o f  both intrinsic and extrinsic m ediators which serve to m aintain a  dynam ic flux o f 
activity which tantalises the investigator w ith its m ix o f  order and disorder. The 
ultim ate aim  o f  m otility investigations is to improve the understanding o f  this 'ordered 
chaos' which appears to control the norm al hum an bowel, and hence arrive at 
workable criteria w ith which to better delineate these norm al patterns from  
pathologically abnorm al m otility patterns.
This thesis will concentrate on the m easurem ent and analysis o f  patterns o f  m otility 
from  the small intestine. This region o f  the bowel has proved to be reasonably 
accessible, but at the same tim e appears to provide a rich source o f  inform ation w ith 
respect to the initial stages o f  digestion and transport o f  m aterial from  the reservoir o f  
the stomach. M uch o f  this inform ation is difficult to interpret and exhibits w ide inter- 
and intra-subject variability, not only by the individuals whose intestinal function has 
been m onitored but also by the investigators charged with the task  o f  interpretation o f  
these com plex traces.
Chapter 2 details the normal physiology o f  the stom ach and small intestine, 
concentrating on the m uscular co-ordination o f  the bowel and the different form s o f  
activity which m ay be recorded. It concludes w ith a brief discussion o f  the recognised 
pathological conditions which m ay be recorded, discussing the neural and m uscular
- Introduction -
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disturbances which m ay be present and the patterns o f  m otility w hich m ight result 
from  these.
Chapter 3 details the history o f  com puterised analysis o f  m otility patterns, laying the 
foundation for m ore objective, quantifiable m easurem ents o f  intestinal m otility. The 
previous 25 years has seen a gradual growth in the use o f  com puting in general. The 
progress w ithin the field o f  gastrointestinal m otility analysis has been slow  and 
interm ittent, however significant advances have brought com puter analysis to the 
forefront o f  the agenda. Com puter analysis initially had few  benefits, requiring as it 
did tw o skilled operators to painstakingly digitise analogue paper recordings by hand. 
W ith the introduction o f  inexpensive, direct digital recording onto m icro-com puters it 
is now  possible to autom ate a great deal o f  this process. Thus, we m ay use com puters 
to not only identify individual contractile events, but also patterns o f  such events. 
This chapter details m ethods w hich have been used in the past by various 
investigators and the justification for the developm ent o f  a flexible autom ated system  
o f  analysis by computer.
C hapter 4 examines the developm ent o f techniques for recording from  the bow el over 
a  prolonged period o f  tim e, perm itting subjects to follow a near norm al routine. It 
covers the developm ent o f  the first radiotelem etric capsule w hich allowed for the 
m onitoring o f  m otility patterns in a truly non-invasive fashion. The use o f  portable 
tape recording equipm ent w hich could be used in  conjunction w ith  this, or 
intralum inal strain gauge catheters is then discussed, leading to current digital 
devices. The protocol for the intubation o f  a subject for m anom etric recording is then
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described. The chapter concludes with a description o f  prelim inary validation 
procedures w hich were carried out on the data-logger w hich w as to be used for the 
rest o f  this project. The validations involve scrutiny o f  the long-term  stability o f  the 
system , a  com parison w ith an accepted ‘gold standard’ or perfused tube m anom etry, 
and a consideration o f  the effect o f  different sampling rates.
Chapter 5 presents the m ethods which were developed to identify individual 
contractile events. The background includes a discussion o f  the nature o f  the noise 
inherent in the signals to be studied. This noise is divided into low, m edium  and high 
frequency com ponents which are rem oved by separate techniques. The effectiveness 
o f  each o f these techniques is assessed. The identification algorithm  for pressure 
peaks is outlined, utilising a successive calculation o f the gradient o f  the signals to 
find points o f  inflection. O ther criteria are discussed which are necessary for the final 
recognition o f  contractile pressure events and differentiation from  artefact.
Chapter 6 investigates the tem poral distribution o f  contractions at a single recording 
locus. The identification o f  com m on tem poral patterns is described and assessed. 
The patterns which are identified are: phase I, phase II and phase III o f  the inter­
digestive m igrating m otor complex, and clusters o f  contractions in both phase II and 
post-prandial activity. Furtherm ore, a new  param eter is proposed for the 
quantification o f  m otility patterns term ed, Psw. A  full description o f  its derivation is 
provided, leading to a com parison o f  this technique w ith other tem poral quantities 
such as contractile and cluster incidence. A  m easurem ent o f  the changes in all these 
tem poral quantities during feeding and in disease is provided.
- Introduction -
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Chapter 7 outlines the problem s related to the analysis o f  spatial patterns o f m otility 
w ithin the small intestine. In this situation m ultiple recording loci are used to m onitor 
the peristaltic m ovem ents o f  contractions longitudinally along the length o f  the bowel. 
A  com parison w ith the oesophagus is draw n with reference to the type and 
com plexity o f  patterns which m ay be seen in these two regions o f  the gut. A n 
algorithm  for the identification o f  propagated contractions is then described using a 
w indow  o f  tim e to represent m axim um  and m inim um  propagation velocities. D irect 
validation o f  this program  w ith the results o f  visual analysis was not viable due to the 
w ide variation o f  the visual responders. Therefore, the perform ance o f  the algorithm  
was com pared to a m odel o f  propagated activity w hich itse lf w as generated by 
com puter. The effect o f  two m eals on the propagated activity in norm al subjects was 
discussed. The problem  relating to wide inter-transducer spacing is discussed leading 
to a new  program  designed to attem pt to reduce the uncertainty in  contractile velocity 
estim ation, thus perm itting a m ore accurate, dynamic propagation w indow  to be 
defined. This technique is based upon the use o f  cross-correlation betw een signals 
from  two adjacent recording sites to dynam ically track the phase difference betw een 
the two signals.
Chapter 8 presents the current state o f the projects, describing the accum ulated 
database from  32 healthy volunteers and the methods used for com paring this w ith 
routine patient studies. Exam ples o f  the current report form at are provided and a 
discussion o f  proposed im provem ents is presented.
- Introduction -
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The dissertation concludes w ith a  discussion o f  the perceived benefits o f  the new  
system. A t the tim e o f  writing the software outlined in these pages has been used by 
research groups in Australia, Turkey and the USA as well as the UK. There is still 
m uch to do in refining the analytical protocols employed, specifically w ith respect to 
the com parison o f  individual studies w ith a steadily growing database o f  recordings. 
The w ork has been presented in a num ber o f  scientific m eetings and has gained 
acceptance by m ost o f the investigators in the field as the leading package o f  its type.
- Introduction -
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C h a p t e r  2  M o tility  o f th e  stom ach
and sm all in tes tin e
The gastrointestinal tract is thought to consist o f  four distinct regions: the oesophagus, 
stomach, small bowel and large bowel. This thesis only concerns itse lf w ith  the 
m easurem ent and characterisation o f  the m ovem ents o f  the small intestine w hich act 
in  close co-ordination w ith those o f  the stomach. There follows an outline o f  the 
anatom y and physiology o f  these two organs o f  the bowel.
Fig 2.1 Gastrointestinal Tract. Illustration of the components of the human GI tract. (Visio Biomedical Template, 
Shapeware Software inc., USA).
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S t o m a c h
The stom ach is a com pliant hollow  organ, situated beneath the diaphragm  with 
m uscular sphincters at either end at which the oesophagus (cardia) and small intestine 
(pylorus) join. Anatom ically, the stom ach has been defined to consist o f  initially the 
fundus, then the corpus and finally term inating at the antrum. It is surrounded by three 
distinct m uscle layers: an outerm ost longitudinal muscle layer, a m edian circular layer 
and an innerm ost oblique layer. The longitudinal muscle runs along the distal two 
thirds, being predom inant along the greater and lesser curves. The oblique layer can 
only be distinguished from the circular layer at the lesser curve near the cardia. The 
circular m uscle layer predom inates throughout the stomach. At the distal region o f  the 
stom ach the circular muscle bundles thicken to form the proxim al and distal bundles. 
Beyond these bundles is a septum o f  tissue which forms the gastroduodenal junction. 
A t this junction redundant m ucosa which lines the pyloric canal assist in closure o f 
the sphincter. Closure is ensured by contraction o f the circular m uscle bundles and 
opening is initiated by contraction o f  the longitudinal muscle.
Abdominal
esophagus
Fundus
Pylorus
Duodenu
Corpus (body)
Lesser
curvature
Greater
curvature
Pyloric canal
Fig 2 . 2  Schematic representation of the human stomach. (Visio Biomedical Template, Shapeware software inc., 
USA)
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Electrically, the stom ach has been divided into two parts: the proxim al third and distal 
two thirds (Kelly et al, 1969; H inder & Kelly, 1977a), the latter o f  w hich exhibits well 
defined phasic activity (slow  wave) w ith a frequency o f  3 cycles per m inute (cpm) 
(H inder & Kelly, 1977b). This activity is initiated by a pacem aker located in the m id­
corpus o f  the stomach, along the greater curve (Kelly & Code, 1971), resulting in 
propagation o f  this activity both circumferentially and longitudinally, towards the 
pylorus.
A n ion pum p m aintains a negative m em brane potential across the sm ooth m uscle o f  
the stom ach wall, m ainly by an electrogenic sodium pum p. Slight fluctuations in this 
m em brane potential trigger the inflow  o f  calcium  ions, necessary for the initiation o f  a 
sm ooth m uscle contraction. These fluctuations often propagate in w aves o f  
depolarisation distally along the wall o f  the stomach, leading to propagated rings o f  
gastric contractions aborally, know n as peristalsis. Few fluctuations occur in  the 
proxim al one third o f  the stomach, lim iting the resulting contractile activity to m ainly 
the distal two thirds. These waves o f  propagated m em brane polarisation cycle at a 
rate o f  3 cpm in hum ans and are know n as electrical control activity (EC A). This EC A 
m ay initiate action potentials, know n as electrical response activity (ERA) w hich in 
turn initiates a  sm ooth m uscle contraction. N euronal-horm onal m odulation is thought 
to  determ ine the proportion o f  contractions produced by this ECA, how ever the 
factors w hich determ ine w hen and where contractions occur are not fully understood.
The contractile activity o f  the proxim al one third o f  the stom ach differs m arkedly 
from  that o f  the rem aining (distal) two thirds. This is due to the lack o f  a pacesetter 
potential in  this region o f  the stomach, leading to a predom inantly tonic contractile 
process in  this region. The m usculature is able to receptively relax in response to the 
introduction o f  food, thus approxim ately 80% o f  all contractions are prolonged, tonic 
episodes, betw een 1 to 6 m inutes in duration. In the distal two thirds o f  the stom ach
9
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strong phasic contractions are the m ost com m on form  o f  activity, w ith a  typical 
duration o f  betw een 10 s and 20 s.
The co-ordination betw een gastric and duodenal contractions is achieved by the 
crossing o f  the gastric pacesetter potential by way o f  sm ooth m uscle bundles w hich 
bridge the tw o com partm ents. Recording o f  electrical activity from  the first portion o f  
the duodenum  reveals the superim position o f  the (11 cpm) duodenal pacem aker 
potential onto the gastric (3 cpm) pacem aker signal. In hum ans there is som e 
suggestion that duodenal contractions usually follow  antral contractions (K ing et al, 
1985), how ever the duodenum  often contracts betw een antral cycles.
S m a l l  I n t e s t i n e
Anatomy
The small intestine is a  long tubular structure which stretches from  the stom ach to the 
caecum  (Schofield, 1968). Its length in hum ans has been reported to vary betw een 6 - 
8 m  and norm ally accounts for 80 - 90 % o f  the total length o f  the gut (H irsch et al, 
1956). Its diam eter decreases aborally. The small intestine m ay be subdivided into 
three sections: duodenum , jejunum  and ileum. The duodenum  runs outside the 
peritoneal cavity for m ost o f  its length (250 - 300 m m) before entering the peritoneum  
im m ediately before the ligam ent o f  Treitz, which corresponds to the poin t o f  
term ination o f  the duodenum  and initiation o f  the jejunum , or D -J flexure. The 
subsequent division betw een the jejunum  and ileum  is poorly delineated but an 
approxim ation is that the jejunum  and ileum  constitute two fifths and three fifths o f  
the rem aining length o f  small intestine respectively.
A  cross-section through the intestine w ould reveal a succession o f  four d istinct layers: 
m ucosa, subm ucosa, m uscularis externa, and serosa. The m ucosa is the innerm ost 
layer, and is thus prim arily concerned w ith digestion and absorption o f  ingested
10
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material. Within the mucosa, the smooth muscle cells o f the muscularis m ucosa have 
long been identified, but as yet their function is unclear. The submucosa lies just under 
the mucosa, comprising mainly connective, lymphatic and vascular tissue. The next 
layer, the muscularis externa, is actually composed o f  two distinct muscle layers, a 
thicker inner layer o f circular muscle and a thinner outer layer o f  longitudinally 
arranged muscle. Both o f these layers are composed o f smooth muscle cells and extend 
the length o f the bowel. These two layers are separated by a neural matrix, or 
myenteric plexus, with bridge-like connections across this plexus which are suspected 
o f  providing a means o f communication between these two muscle layers (Taylor, 
Kruelen & Prosser, 1977; Elden & BortofF, 1984). The outerm ost layer, the serosa, is 
composed o f  thin sheets o f  connective tissue and epithelial cells.
Longitudinal 
Muscle —
Myenteric 
P le xu s  —  
Circular 
Muscle —  
S u b m u c o s a  
md Its Plexus
M u c o s a  —
Myenteric Circular  S u b m u c o s a l  
Gangl ia  Muscle G an g l i a
Fig 2.3 Schematic diagram showing tlie different muscular and neuronal layers of tlie gut. Layers in decreasing 
raduis are; longitudinal muscle, myenteric plexus, circular muscle, submucosa, mucosa(Christensen, 1994)
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- Motility of the stomach and small intestine - 
Movement o f intraluminal contents
The contents o f the small bowel travel in a net aboral direction, propelled by the 
inherent m usculature o f the bowel wall. The net volume flow down the gut is also 
dependent on both the degree o f  fluid absorbed and volume o f  intestinal secretions 
produced. These two factors directly affect the viscosity o f  the intralum inal contents 
and thus the amount o f  work required for transportation o f  a given volume along the 
bowel. In humans, approxim ately 6 to 10 litres/day o f  material is presented to the 
duodenum , whereas the ileum passes only 1 to 2 litres/day on to the colon. The rate o f 
transit along the small bowel appears to exhibit a gradient where transit is slow est at 
the ileum (Connell, 1970; Kerlin & Phillips, 1983). In hum ans, the velocity o f  transit 
o f  a bolus has been reported to vary from 30 to 140 m inutes for complete passage 
through the small intestine. This variation is thought to be related to the relative 
tim ing o f  the interdigestive migrating m otor complex.
longitudinal muscle 
myenteric plexus
circular muscle 
anal
BH BB rest
relaxation
anal
Fig 2.4 A peristaltic contraction wave is propagated through a section of the intestine. (Smout & Akkermans, 
1992).
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Motility of the stomach and small intestine -
The classical description o f  peristaltic action is illustrated above (Fig 2.4). A bolus o f 
m aterial stim ulates stretch receptors so that circular m uscle contracts in  the area 
proxim al to the position o f  the bolus, while longitudinal m uscle relaxes. In the region 
o f  the bolus itself, the reverse is true, w ith the longitudinal m uscle being the 
contracted tissue while the circular m uscle is relaxed. The m ore distal area, w hich is 
yet to be stim ulated by the oncom ing bolus, should exhibit both longitudinal and 
circular m uscles at rest.
M ixing o f  different particles w ith liquid within the small bowel is poorly documented. 
A lthough it is know n that particles em pty from  the stom ach m ore slowly than liquids, 
and hence separation w ill occur at this point, once past the pylorus m aterial appears 
not to separate any further as it travels along the small bowel. Studies where the 
duodenum s o f  conscious rats were infused with alternating m arkers at intervals 
varying from  20 m inutes to 2 hours and then sacrificed indicate that no appreciable 
m ixing o f  the two m arkers occurred (Gustavsson, 1978).
Intestinal contractions
A  com bination o f  both circular and longitudinal m uscle contractions is thought to be 
responsible for the contractile activity o f  the small bowel. L ittle is known, however, 
about the precise nature o f  in-vivo longitudinal muscle contractility. In-vitro studies 
have indicated that both layers o f  m uscle are capable o f  contracting independently 
(B ortoff & Chalib, 1972; M elville et al, 1975; Perkins, 1971). Some studies have
O
indicated that longitudinal contractions are m inim al and, i f  they occur, are 180 out o f  
phase w ith those o f  circular m uscle (Bass & W iley, 1965; W ood & Perkins, 1970). 
This m ay be due to passive relaxation o f  the longitudinal m uscle initiated by active 
contraction o f  the circular m uscle layer. In a recent study on unanaesthetised dogs 
Sarna showed that longitudinal m uscle contractions may have an inhibitory effect on 
circular m uscle contractions (Sarna, 1990).
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The variation in the resulting characteristics o f  circular m uscle contractions m ay be 
m anifest in  a num ber o f  ways (Beck et al, 1965; Foulk et al, 1954; Freidm an et al, 
1964): (i) Contractions are not all concentric but m ay exhibit a degree o f  eccentricity 
w hich results in a radial asym m etry o f  m easured pressures w ith little or no net 
increase in intralum inal pressure, (ii) The length o f  gut w hich contributes to a  local 
contraction m ay vary from  1 to 4 cm. (iii) The duration o f  a  contraction at any point in 
the gut m ay vary from  a few seconds to several m inutes, w ith at tim es m ore than one 
type o f  contraction being present, (iv) The amplitude o f  a contraction m ay range from  
being barely perceptible above background pressure (~ 1-5 m m Hg) to m any tim es that 
o f  background pressure changes (> 200 mmHg).
Because o f  the variation o f  am plitude and duration o f contractions w hich m ay be seen 
in  the bowel, some investigators have attem pted to classify these waves. Tem pleton 
and Law son developed one such m ethod (Tem pleton & Lawson, 1931). Short lasting, 
phasic contractions are deem ed to be type 1 contractions, tonic contractions w ith 
superim posed phasic contractions are type 3 and type 2 is anything betw een types 1 
and 3. Type 4 is assigned to the large, prolonged phasic contraction com m only seen in 
the distal small bowel. Types 1 and 2 were thought to be concerned w ith m ixing, and 
types 3 and 4 were considered to be associated w ith the propulsion o f  contents along 
the gut. This schem e has fallen out o f  use due to the subjective nature o f  the 
classification. Furtherm ore, the assignm ent o f  specific functions to these w aves has 
since been show n to be an over sim plification o f  their true functions. It has now  been 
suggested that the tem poral and spatial distribution o f  the contractions is m ore 
im portant than their am plitudes or durations.
‘Peristalsis’ and transit
Cannon first described (Cannon, 1902) the 'rhythm ic segm entation' o f  the gut as a 
bolus o f  chym e, or partially digested foodstuffs, is propelled along the gut. This
Characteristics o f  c ircu lar muscle contractions
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process is one o f  successive segmental contractions m oving in one direction along the 
intestine, displacing the intralum inal contents in the same direction. Bayliss and 
Starling (Bayliss & Starling, 1899) also observed this effect, postulating that it 
represented a reflex action resulting from  the distension o f a section o f gut by a bolus. 
This stim ulus elicited a contraction o f  the gut wall proxim al to the bolus and a 
relaxation distal to this, thus providing a pressure gradient across which the bolus 
m ight travel. A ll types o f  contractions (by the Tem pleton & Law son criteria) m ay be 
associated w ith transit o f  intralum inal contents (Code et al, 1957; Bueno et.al, 1975; 
Friedm an et al, 1965; Summers et al, 1976) however the significance o f  their 
relationship to transit is still unclear. This uncertainty has led to an am biguity in  the 
m eaning o f  the term  peristalsis. It is often used to m ean any contractile activity w ithin 
the gut, although it is probably m ore accurate to lim it its use to contractions w hich are 
associated w ith transit o f  chyme.
Pendular motion
Finally, in addition to the form s o f  contractions discussed above are a num ber o f 
poorly docum ented contractile episodes involving, w hat are assum ed to be, 
predom inantly longitudinal m ovem ents. O f these, pendular m otions are possible the 
best exam ples (Christensen, 1971). Here, the distances betw een two points along the 
intralum inal wall o f  the gut vary periodically by the concertinaing effect o f  the gut 
wall. This type o f  m ovem ent is difficult to measure and has therefore only been 
observed either in vitro or in laboratory anim als and is therefore often only 
qualitatively discussed.
Fasted motor activity
The history o f  the study o f  small bowel m otility has been that o f  painstaking m anual 
inspection o f  m any hours o f  recordings which are quite often noisy. It is therefore not 
surprising that the initial findings centred on discernible patterns o f  contractions. The 
m ost easily identifiable o f  these is what we now  know  as phase III o f  the m igrating
15
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motor complex (MMC). This MMC cycle was first identified in the canine small 
intestine by Boldyreff (BoldyrefF, 1911). There followed a gap o f  over half a century 
before a more concerted effort was made to  characterise the normal patterns o f  small 
intestinal contractions.
In the sixties, a series o f investigators returned to this theme, lead by Jacoby et al. 
(Jacoby et al., 1963) who, using implanted strain gage transducers, observed a 
difference between fed and fasted motility patterns, characterised by a cycle o f  activity 
in the fasted animals. This work was further developed throughout the sixties (Reinke 
et al., 1967; Carlson et al., 1970), reinforced by a full description o f  the progress o f  the 
associated electrical activity from the proximal small bowel tow ards the terminal ileum 
(Szurszewski, 1969).
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The first full description o f  the contractile patterns o f  both digestive and interdigestive 
contactile activities throughout the small intestine (Figure 2.5) w as finally given by 
Code and M arlett (Code & M arlett, 1975). Here they defined the cycle o f  activity 
present in fasted dogs the ‘interdigestive myoelectric com plex’ (IM C) and divided 
this into four phases o f  activity. Phase I contained no spike potentials, this was 
followed by phase II where apparently random  spike events occurred, leading to a 
short period o f  m axim al spike activity, know n as phase III. Finally, a  period o f  
‘dam ping dow n’ o f  the m axim al activity was often seen w hich they referred to as 
phase IV before returning to phase I. This cycle propagated from  the gastric antrum  
dow n to the distal small bowel, interrupted sim ultaneously by a calorific m eal at all 
points in the small intestine. After a period o f  a  few hours o f  fed activity the intestine 
w ould revert to the interdigestive m ode o f  propagated IM C cycles.
ICellow et. al. (Kellow  et al, 1986) looked at the characteristics o f  the hum an M M C 
from  duodenum  to distal ileum  and noted a non-uniform  nature in  the phase III 
activity, Fig 2.6-2.8. He found that the flexure between the duodenum  and jejunum  
appeared to be the point at which m ost phase Ills  occurred, propagating aborally w ith 
a  gradually decreasing velocity and correspondingly increased duration. The 
underlying m axim al frequency o f  this com plex fell as the term inal ileum  was 
approached.
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Fig 2.8 Variation in duration of phase III activity recorded in the human gastrointestinal tract (from Kellow et 
al., 1986).
Fed motor patterns
The question o f  characterising the effect o f  food on the resulting motility patterns is 
still unclear. The assessment o f  the effects o f  different types o f  meals on the duration 
and nature o f  fed activity has been complicated by the need to  rule out the variable 
effect o f  gastric emptying rate into the small bowel. For this reason, infusions o f  
simple meals directly into the duodenum  have often been used. Generally, the  fed 
pattern  can be recognised by the replacem ent o f  the normal cycle o f  M M Cs by a 
prolonged period (usually betw een 4-6 hours) o f  heightened contractile activity 
(Figure 2.9). The precise nature o f  this activity is, as yet, unclear.
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The pattern o f  contractions during fed activity bears strong similarities to  that o f  phase 
II o f  the MMC. It might be postulated that the precise nature o f  the tem poral and 
spatial relationships o f  contractile patterns within fed activity is distinctly different 
from  that o f  the fasted M M C, however no supporting evidence has yet been 
forthcoming. The interaction o f  longitudinal with circular muscle contractions must 
result in a combination o f  mixing and propulsion (or retropulsion) o f  chyme. Clearly, 
the functional significance which underlies the complex patterns can only be fully 
understood if  the pressure at a series o f  points along the bowel is m onitored, providing 
an activity gradient.
Common motor patterns
The tem poral and spatial relationships mentioned above must be clarified at this point 
since their characterisation will underlie much o f  the discussion in this thesis:
Temporal relationships
By tem poral relationship I refer to  the manifestation o f  intestinal contractions recorded 
at one distinct site within the gastrointestinal tract with the passage o f  time. 
Specifically, within the small bowel the occurrence o f  contractions is governed by the 
slow wave o f  electrical depolarisation which travels along the wall o f  the gut. A t the 
proximal duodenum, the frequency o f  this wave is approximately 11 cycles per minute, 
decreasing to  about 7 cycles per minute as we approach the distal ileum. Temporal 
motility information therefore hinges around the frequency (or incidence) o f  
contractions and their associated intensity. Contractile incidence is a better term  since 
it allows for a m ore complex description than merely the number o f  contractions per 
unit time. As w e will see there are a number o f  different patterns o f  contractions which 
must be characterised quantitatively which may not be delineated by a simple 
frequency calculation. Furthermore, the underlying frequency will always be that o f  the 
permissive slow wave and is rarely seen to  vary.
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Some temporally related patterns have already been discussed, in fasted m otor activity 
the different phases o f  the M M C are all temporal expressions o f  motility, and in fed 
activity one might consider its duration. W ithin these gross patterns underlie a series o f  
m ore variable, highly complex forms o f  activity, o f  which the nature has been 
described in a variety o f  different ways.
The tem poral distribution o f  contractions is constrained by the underlying electrical 
rhythm. This slow wave o f electrical depolarisation may only elicit a contraction when 
it reaches its maximum. In humans, the periodicity o f  this wave is about 5 seconds in 
the proximal small bowel, and therefore the maximum rate o f  contractions is about 12 
contractions per minute (Diamant & Bortoff, 1969). Christensen et al in 1971 
examined the distribution o f  contractile and quiescent periods with respect to  the peaks 
o f  slow wave depolarisation. Figure 2.10 shows the frequency distribution o f  the 
duration o f  inter-contractile periods measured by intraluminal manometry. Clearly, the 
peaks in this distribution correspond to  multiples o f the slow wave period o f  5 
seconds. Due to  the slight variability in the period o f  the slow wave, combined with 
the possibility o f  longitudinal movements o f  the gut with respect to  the sites o f  
measurement on the intraluminal assembly, the peaks become indistinct after about 25 
seconds (or 5 periods o f  the slow wave).
Later, Singerman (Singerman et al, 1975) examined the probability distribution which 
could be established for traces from the human small intestine with respect to  
sequences o f  successive contractile episodes o f  either contractions or no-contractions. 
A  M arkov-type model which assumed dependence on a given number o f slow wave 
cycles was used. For a zeroth-order model, the probability o f  a contraction, P(c), was 
the unconditional probability o f  a contraction or percentage activity. F or the first order 
model, information for the previous slow wave cycle was needed. Thus, the frequency 
o f  occurrence o f  combinations o f  the events “01” and “ 11” w ere counted. This gives,
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respectively, the probability o f a contraction given no preceding contraction, P(1|0) 
and the probability o f a contraction given a preceding contraction, P ( l |l ) .  The second 
and third order models required similar information about the preceding tw o and three 
slow wave cycles, respectively. These conditional probabilities are summarised in table 
2.1.
Fig 2.10 Frequency distribution of duration of inter-contractile periods. Horizontal axis, divided into 0.3s 
intervals, is marked at 5s intervals. Vertical axis shows percentages of total number of inter-contractile periods. 
Each bar shows percentage of all inter-contractile periods with a duration falling wiDiin each 0.3s interval. The 
main peak occurs at Die minimum intercontractile interval which corresponds to Die interval of Die slow wave at 
Diat point in Die small bowel. (Christensen et al, 1971).
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Model Order Conditional
Event*
Probability of contraction given conditional 
event
0 0.26
1 0 0.23
1 0.34
2 00 0.19
01 0.32
10 0.36
11 0.38
3 000 0.18
100 0.24
010 0.35
001 0.30
110 0.36
O il 0.37
101 0.34
111 0.41
Table 2.1 Conditional Probabilities for occurrence of contractions (Singerman et al, 1975).
The occurrence (or absence) o f  contractile events has been described, often observing 
association between such events as short burst o f  contractions separated by periods o f  
quiescence, see figure 2.10 (Fleckenstein & Oigaard, 1978; Fleckenstein et al, 1982; 
Summers et al, 1983). Summers defined these bursts, or clusters, o f  contractions as ‘3- 
10 regular contractions, occurring at 1 per 5 s, preceded and followed by at least 1 
min o f absent motor a c t i v i t y Husebye & Engedal (1992) reported that the incidence 
o f  propagated clustered contractions is significantly increased in older human subjects 
(aged 80-91 years) with respect to  a younger group (aged 22 - 50 years). Chaussade et 
al (1991) dem onstrated that patients with small bowel diverticulosis often displayed a 
heightened minute rhythm, with up to  80% o f  their phase II activity consisting o f 
simultaneous clustered activity.
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Mechanical small bowel obstruction (F, 62): 
regular clusters of intestinal phasic pressure activity
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Fig 2.11 Illustration of a period showing a series of clusters of contractions recorded in the human small bowel 
of a 62 year old female subject. Eigtli channels of pressure recording are pitted against time. The clusters can 
be clearly seen from the distal duodenum and through the jejunum with a rate of just under 1 per minute. 
(Malegelada etal., 1986)
Although no direct reference appears to  link those investigators who chose to look at 
the occurrence o f clusters o f contractions in the small bowel w ith the earlier w ork o f 
Christensen and Singerman, it is not perhaps a total coincidence that Summers w orked 
for a time in the same laboratory as Christensen and Singerman. The probability 
profile which was described by Singerman, and is shown in the table above, may well
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relate to  the tendency in some individuals to  show these groups o f  three or m ore 
clusters o f  contractions.
The description o f  clusters o f  contractions is highly subjective since it does not define 
precisely what is meant by a cluster. In practice, large inter- and intra-observer 
variability may yield a wide range o f  results. Furthermore, the duration o f  the 
quiescent periods necessary for adequate definition o f a cluster have been redefined by 
contem porary investigators to  suit their preferences, giving rise to  even greater 
variability.
Spatial relationships
By spatial relationships I refer to  the profile o f  intestinal motility revealed by 
recordings at multiple sites along the bowel. This form o f characterisation is far m ore 
difficult to  achieve successfully, but is undoubtedly critical in fully describing the 
nature o f  intestinal motility. It involves the cross-referencing o f  adjacent recording 
sites, which in themselves produce tem poral information, to  build up an impression o f  
the transmission o f  intestinal activity along the gut. In this case, not only the incidence 
and m agnitude o f  contractions can be measured, but also the distance along the gut 
that each contraction is seen to  propagate. Clearly, the detail w ith which spatial 
relationships may be described is limited by the number o f  transducers used for the 
measurement and the inter-transducer spacing. Current transducer technology is 
unable to  provide spatial information, being confined to  recording tem poral 
phenomena at a certain point. Therefore, the use o f  multiple sensors requires the 
interpolation o f spatial information in order to  estimate the extent o f  propagated 
activity.
The description o f  migration o f phase III complexes along the small intestine is well 
documented (see table 2.2) however, the passage o f  individual contractions down the
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bowel presents far greater difficulties, to date few quantitative m easurements have 
been achieved in humans.
FNVESTIGATOR(S) YEAR OBSERVATION
Szurszewski 1969 DOG
M M C Propagation (velocity) 
Orad: 6 1 - 3 5  mm/min 
Caudad: 1 9 - 1 2  mm/min
Vantrappen et al 1979 HUM AN
M M C propagation (velocity) 
Orad: 60 - 80 mm/min
Kellow et al 1986 HUM AN
MMC Propagation (velocity) 
Orad: 43 ± 6 mm/min 
Caudad: 6 + 2 mm/min
Sarna et al 1989 HUM AN
M MC propagation (velocity)
Orad: 43 + 20 mm/min
Contraction propagation (distance; proportion) 
(PII): 26 ± 2  mm; 18 + 1%
(PHI): 52 + 6 mm; 46 ± 4%
(Fed): 2 9 +  4 mm; 21 ± 0 .6 %
Husebye & Engedal 1992 HUM AN
MMC propagation (velocity) 
Orad: 65 ± 8 mm/min
Table 2.2 Findings relating to the spatial characteristics of human small bowel motility.
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Disease and small bowel motility
Abnormalities in small bowel motility have been reported in a variety o f  disease types, 
although these reports have often been based on a subjective assessment o f  the 
pressure recordings, or, if quantitative figures have been cited, comparisons have been 
made to relatively small numbers o f  normal values. Motility disorders are commonly 
manifest by either symptoms o f  diarrhoea or constipation, often accompanied by 
episodes o f  abdominal pain. M any o f  these disorders may be related directly to 
identifiable pathophysiology, such as physical strictures or dilations in the lumen o f  the 
gut, or abnormal secretion or absorption at the gut wall. The measurement o f 
contractility within the bowel allows for the identification o f  disorders o f  the 
interaction o f  the gut wall with its contents. Obstructive disorders which occur as a 
result o f  poor muscular co-ordination rather than a physical obstruction are term ed 
‘pseudo-obstruction’ (Faulk et al, 1978). They can occur through a variety o f  causes 
which are summarised in table 2.3. Within the small bowel these disturbances are 
commonly divided into neuropathy, myopathy.
M uscular dysfunction Cause
W eakness o f  rhythmic contractions
Dysrhythmias
Vector disturbances 
Defective tonus mechanisms
W eakness due to a deficit in the contractile 
process in the smooth muscle itself.
W eakness due to  insufficient excitation o f 
muscle by nerves.
Tachyarhythmias eg ‘tachygastria’ 
Bradyarhythmias eg ‘bradygastria’
‘Antiperistalsis’
Defective neurogenic relaxation o f  tonus at 
sphincters.
Defective maintenance o f  myogenic tonus in 
maintenance o f sphyncter closure.
Table 2.3 Four specific kinds o f muscular dysfunction that can occur in pseudo-obstruction
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Visceral (or gut related) myopathies are by far the m ost common pseudo-obstructive 
disorder, characterised by a loss in tone o f  the smooth muscle surrounding the gut 
lumen. This may result in the degeneration o f  the muscle tissue and its replacement 
with collagen, producing, in the case o f  Scleroderma myopathy, characteristic wide 
diverticula (or pouches) within the bowel. M easurements o f  contractility within the 
lumen o f  the gut often indicate a significant reduction in the contractility o f  the bowel, 
possibly due to  the loss o f  tone reducing the sensitivity o f  the intraluminal transducers 
to  phasic contractile activity.
Visceral neuropathies
Visceral neuropathies m ost commonly occur as a result o f  diabetes, affecting the 
enteric nervous system and thus the programmes which determine the underlying 
motility patterns. Chagas disease, a rare disorder only seen in areas o f  South America, 
produces a deterioration o f  the myenteric plexus o f  the bowel and is thought to  be 
manifest in the small bowel mainly by a reduction in the m igration velocity o f  phase III 
o f  the M M C in the small bowel accompanied by an unusual extension in the duration 
o f  these episodes.
Functional disorders
Functional disorders o f  the gastrointestinal tract are disorders o f  function that do not 
appear to  be part o f  a verifiable disease process, and therefore cannot be directly 
attributed to  a distinct pathophysiology (Wingate, 1990). In this case, the symptoms 
often appear intermittently, often varying in their manifestation and severity. Patients 
presenting with an array o f  symptoms o f  this nature may be diagnosed as suffering 
from ‘irritable bowel syndrom e’ (IBS). Opinions still differ as to  the pathophysiology 
o f  IBS, or indeed even the definition, however it remains a condition which affects a 
large number o f  people in the U.K. for which no clear treatm ent exists (W ingate, 
1992). Recently, a group o f  gastroenterologists meeting in Rom e have proposed the
Visceral myopathies
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‘Rom e criteria’ which have been accepted as the ‘best fit’ definition o f  IBS (Thom pson 
et al., 1989). The motility patterns seen in the small intestine for this group o f  patients 
are somewhat unclear. The patterns o f  the interdigestive M M C appear to  be normal, 
however there is a suggestion that the effect o f  stress on these patients is often to  
completely abolish the occurrence o f  phase III and hence lengthen the effective M M C 
cycle length.
Abdominal pain, relieved by defaecation, or associated w ith changes in frequency or 
consistency o f  stools.
a n d /o r
Disturbed defaecation (tw o or m ore of):
• Altered stool frequency
• Altered stool form (hard or loose/watery)
• Altered stool passage (straining, urgency, feeling o f  incomplete evacuation)
• Passage o f  mucus
usually  w ith
Bloating or feeling o f  abdominal distension_________________________________________
Table 2.4 Required symptoms for Die diagnosis of IBS.
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C h a p t e r  3  T h e  co m p u ter in  sm all
bow el m o tility  analysis
Ever since the first recordings by Baylis and Starling in 1899 investigators have 
grappled to  understand the underlying logical mechanisms which control the m otor 
function o f  the small bowel. The wide variation in individual response to  different 
conditions have constantly confounded hypotheses which attem pt to  make any but the 
m ost crude o f  descriptions o f  the expected patterns o f contractions and corresponding 
transit o f  contents. Although a wide body o f w ork does exist which documents the 
range o f  physiological effects which may be seen, the use o f  inconstant protocols and 
subjective analytical techniques have reduced the value o f  much o f  the published data. 
It would seem inevitable that the m odern computer, w ith its ability to  objectively 
operate on large volumes o f data, has a central role to  play in the further emergence o f  
this science. It is interesting to  track the development o f  recording and analytical 
techniques over the past century.
The earliest use o f  computers in the acquisition and analysis o f  intraluminal pressure 
recordings appears to  be that o f  Farrar (Farrar, 1960). H e logically assumed that the 
periodicity which appeared to  be an inherent element o f  small bowel motility 
recordings could be investigated with the use o f  common time series analytical 
techniques such as Fourier analysis and auto-correlation. H e concluded that although 
Fourier analysis provided interesting information, its relationship to  any underlying 
physiological process was unclear and hence its value was minimal (Fig 3.1). He stated 
that an empirical approach, deciding which wave patterns w ere o f  physiological 
importance and identifying them, was the most fruitful path to  take. This appeared to  
lay the groundw ork for most o f  the analytical developments to  follow.
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Fig 3.1 Illustration of (a) a raw intestinal trace (above) with respiration (below), (b) an auto-correlation of this 
trace and (c) its power spectrum (Farrar, 1960).
Misiewicz (Misiewicz et al.,1968) attempted to investigate the distribution and 
characteristics o f  individual intestinal contractions. They state: " W e have therefore 
developed the present technique o f computer analysis o f intraluminal pressure records 
in order to lessen the expenditure o f work and time required for the task o f acquiring 
data and to facilitate multifactorial analysis o f the pressure records. As well as using 
the computer as a calculating machine, the present technique permits the easy storage 
and rapid retrieval o f information from previous studies and enables repeated analyses 
o f  previously acquired data to be carried out in new ways."
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The digitisation employed in this early system involved the use o f  a skilled operator 
reviewing a paper trace and using a graticule mounted on potentiom eters in both the y 
(pressure) and x (time) planes. Each point o f  interest, relating to  a point on the 
m easured record where a transition occurred was recorded by the operator placing the 
graticule at that position. In this way noise and drift could be manually rem oved and 
the size o f  stored, digitised data kept to  workably small proportions. The program  
used for the analysis o f  this data was w ritten using a combination o f  Algo and machine 
code, running on an ICT Atlas computer. This was able to  count the num ber o f  
contractile episodes which occurred and classify them  with respect to  amplitude, 
motility index and frequency.
The procedure for digitisation o f  the traces involved tw o stages. Firstly, an 
experienced doctor examined each section o f  trace for artefact and baseline shift, 
marking these on the paper record. Subsequently, a technician w ould use the digitising 
device to  mark on the points o f  interest from the trace, talcing into account the 
markings o f  the doctor. Later in the paper the authors indicate that the tim e advantage 
w as in the order o f  speeding up analysis by a factor o f two. W hen one considers that 
the traces had to  effectively be analysed twice by hand it is not surprising that the time 
penalty was still high.
The first true contraction detection program  was published three years later by 
Singerman and Glover (Singerman & Glover, 1971), working at the Iow a Institute o f  
Hydraulic Research. In this paper they describe the design o f  a program m e for the 
recognition o f  intestinal contractions, rejection o f  movement artefacts and electrical 
noise, and com putation o f  the time difference between successive contractions on upto 
seven different channels. The identification process utilised a moving summation 
technique (Fig 3.2) which allowed for the identification o f  both the baseline values and 
the peaks o f  contractions(Fig 3.3). A window o f  300 ms was progressively moved
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along each channel of data and the points at which the sum of these points reached a 
minimum or maximum corresponded to the baseline and contraction peak respectively. 
This technique appears to have been used successfully by the Iowa group for a number 
of years (Christensen et al, 1971; Singerman et al, 1975). However, the group seems 
to have lost interest in the field in the mid-seventies and the program development has 
been more or less overlooked since then. Vantrappen’s characterisation of the human 
MMC came a few years later, in 1977, but by that time investigators were back to 
manual scoring of motility traces.
F ig  3.2 An exam ple o f the running summation technique originally used to detect m axim a and m inim a 
(Singerm an & Glover, 1971).
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Fig 3.3 A  short section of pressure tracing w ith the computer recognised contractions beneath it (S ingerm an & 
Glover, 1971).
In 1979 Postaire et al (Postaire et al, 1979) returned to the frequency domain approach 
of analysis first explored by Farrar, using a combination of both cross-correlation and 
auto-correlation to enhance periodic components of signals from noisy recordings of 
both pressure and electrical data from the intestine of a rat. Once more, however, the 
value of this appeared to be limited, with no development of this technique in later
3 5
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publications. For this reason it is likely that the technique was far less effective than 
implied by the tone of the publication.
By the end of the 1970’s, with the interest in the MMC periodicity which had been 
observed, the initiation of prolonged studies of motility reinforced the need for some 
form of automated analysis. At this stage, because of the difficulties in examining 
human subjects for a prolonged period, coupled with a desire to accurately record 
motility from a large number of sites in the bowel, animal recordings were favoured.
A new attempt to develop an automated system of contraction detection was initiated 
in the USA (Engstrom, Webster & Bass, 1979). They had clearly reviewed Singerman 
and Glover’s earlier work and, rather than employing a running summation of a 
number of data-points, looked for 4 successive increases in the sampled points 
amounting to a total rise of at least 50 mN as measured by implanted strain gauges in 
dogs. Using an inter-transducer separation of 25 mm they looked for propagation of 
contractions across a transducer array, assuming that the minimum velocity of 
propagation was 25 mm/s. No further publications appear in the literature using this 
technique.
What must be the first example of an examination of the possibilities of pattern 
recognition of small bowel motility by computer appears in Reddy et al (Reddy et al, 
1981). They proposed eight measurements or features to extract from motility data 
from a contractile signal over time,T:
1) Weak, Moderate, and Strong contractions:
They suggested the grading of the strength of contractions into these three types, 
based on the strongest contraction in the record and subdividing the types in thirds of 
this strongest value.
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If x(t) represents a contraction with xO as the maximum at time tO with the 
corresponding two minima at t\ and t2, then Tc, the effective duration of the 
contraction is given by
2) Average Duration of Contractions:
The average duration of contractions was taken as the average of the effective 
durations of contractions.
3) Dominant Frequency:
The frequency characteristic of a contractile signal over T defined as the frequency at 
which the power spectral density (PSD) is at a maximum. Where the maximum number 
of contractions is equal to the repetitive rate of the Electrical Control Activity, ECA, 
the dominant frequency is the same as the frequency of the ECA.
4) Or ad, Local, and Aborad Propagation Coefficients:
Normally in the small bowel contractions propagate aborally. It is possible, however, 
to observe local, or even orally directed activity. The respective coefficients PA, Pl and 
Po were obtained by dividing the number of a particular type of contraction by the 
total number in time, T. Therefore we may express this as:
P o  + P  L  +  P  A  =  1.
Using these eight parameters the investigators attempted to apply Bayes Classification 
to train the computer to differentiate between different patterns of motility induced by 
three different types of meals (water, acid and solid dog food). The results appeared to 
be inconclusive, once again this avenue was not pursued any further by the 
investigators. (Interestingly, one of the authors makes no mention of this work eight
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years later in a paper which specifically examines these same motility patterns (Sarna et 
al, 1989).
Schemann, Ehrlein and Sahyoun in 1985 published their development of a computer 
program for the analysis of data from sorosally implanted strain gauge transducers in 
dogs at their laboratory ( Schemann et al, 1985; Scemann et al, 1986; Siegle et al, 
1990). The program probably represents the next significant development since the 
Singerman and Glover program of 14 years earlier. Having recorded multiple channels 
of motility data on magnetic tape, the analogue signals were fed into a so-called ‘Peak- 
Picker’ for pre-processing. It produces an interrupt pulse for both the minimum 
voltage preceding a peak and the maximum voltage of each peak. In the case of Vmin 
the pulse is produced when a rise equal to a threshold voltage is achieved, conversely 
at Vmax a threshold voltage drop must be registered for the peak interrupt to be 
produced. Artefacts were removed using three forms of discrimination.
If the rise-time of each peak fell outside the range of 0.355s - 100s, the frequency of 
the peaks was greater than 0.7 Hz or if the amplitude of the peaks fell below a 
predefined threshold value, the peaks were considered to be artefactual and ignored. In 
addition to the calculation of frequency, force, rise time, inter-contractile interval and 
motility index, an off-line program investigated the spatial characteristics of the 
recordings by looking for propagation of contractions. This was achieved using a time 
window which admitted propagation velocities from 13 - 200 mm/s.
Sarna et al (Sarna et al, 1989) followed on from this work to apply computer analysis 
to human jejunal motility patterns, from data recorded intraluminally using a 14 lumen 
perfused tube catheter design, employing an high-pressure, low-compliance Arndorfer 
pump and external pressure transducers (Arndorfer et al, 1977). They developed a 
computer program for the identification of contractile events based on the continuous 
tracking of the gradient of three successive points in the 10 Hz sampled data. Having
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identified a possible contractile event it was finally classified as a contraction if it met 
two further criteria: 1) the duration had to be between 2 s and 10 s, and 2) its 
amplitude must be at least 10% that of the maximum contractile event recorded. The 
results of the computer identification were in this case stored as contraction amplitude, 
duration and ‘area under curve’. As with Schemann et al. the propagated contractions 
in the traces were determined by defining a propagation window.
p p
F ig  3.4 Principle o f  detection o f the peak onset and its m aximum by the Peak-Picker. Dotted lines show  the 
tem poral relationship between the original signal (OS) o f the motility recordings, the interrupt signals (IS) 
produced by the Peak-Picker and tire analogue signals (AS) from the analogue output o f the Peak-Picker. The 
sm allest and highest voltage value during one contractile event are kept constant by the Peak-Picker, producing 
plateau phases (PP).
Vtnm = peak minim um  (mV); Vmax = peak maxim um  (mV);
tVmin = real tim e at peak minim um, (h, nrin, s); tvmax = real time at peak m aximum, (h, m in, s)
r  =  peak risetim e (m s)
tlrr = threshold voltage (m V) (Schemann, E hrlein & Sahyoun, 1985)
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The investigation of spatial and temporal patterns of activity within both fasted and fed 
activity was undertaken by Sarna et al (Sarna et al., 1989). In this case they recorded 
the motility patterns during one cycle of the MMC and for four hours after the 
ingestion of a meal and expressed the subsequent motility in both deciles (fig 3.5) and 
1 hour segments (Fig 3.6) respectively.
The first MMC cycle to occur after intubation was assumed to be representative of 
fasted motility, looking at seven healthy human subjects. The mean value for the cycle 
length was reported in this case to be 161 +/- 12 min (range 54-222 min). A number of 
these assumptions may be inaccurate. Firstly, since the effect of stress on the human 
small bowel is known to inhibit normal phase III activity, and the initial effect of 
intubation may be to stress individuals, this may result in lengthening of MMC 
periodicity. Furthermore, the known intra- and inter-subject variability would suggest 
that one measurement of MMC duration for each subject would be a poor estimate of 
the normal duration. Furthermore, there is much evidence to suggest a positive skew in 
the distribution which would lead to an incorrectly high assessment of the periodicity 
of the MMC. The median value for the MMC duration would be expected to be less 
that the mean.
The identification of intestinal contractions was achieved using a computer program 
for the identification of contractile amplitude, area under curve, duration and 
frequency for specific defined periods. By employing this program it was possible to 
look at the variation of these values throughout a ‘normal’ phase III and the first four 
hours of fed activity, induced by ingestion of a 656 kCal meal. Since an amplitude 
threshold was used to discriminate contractions from unwanted noise it is likely that 
for amplitude and ‘area under the curve’ calculations a skew would be present in the 
distribution of identified contractions. Nevertheless, Sarna’s paper examined the 
changes in mean values of these parameters rather than their medians.
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Fig  3.5 Bar graphs indicating mean and total values o f contraction param eters in each 10th percentile m igrating 
motor complex (MM C) cycle. A-C: mean amplitude, duration and area o f  contractions were not significantly 
different in  any o f tlie 10th percentile from those in other percentiles. D-F: siuns o f  am plitude, duration, and area 
o f all contractions in each 10th percentile. G: contraction frequency. ’‘Significantly different from those w ithout 
asterisk or w ith double asterisked. ** Values significantly different from those w ithout asterisk  or from those 
with a single asterisk. Data were pooled from recording sites 1,6, and 12. (Sarna et al, 1989).
41
- History of computer analysis -
Even if the distribution of these values were normally distributed, the threshold level 
used to detect intestinal contractions of 10 mmHg would suggest that any contractions 
of lower amplitude would be ignored, thus again imposing a skew on the amplitude 
distribution. The only value which showed a significant change throughout an MMC 
cycle was that of frequency, which would be expected by definition. Effectively, three 
distinct periods of contractile frequencies were identified statistically (Fig 3.5). The 
first period of lowest frequency contractions did not exactly correspond to phase I, as 
defined by the investigators, however the final higher frequency region closely matched 
their definition of phase III. Comparison of the successive time periods recorded 
during fed activity showed no statistically significant variation in any of the above 
parameters, however since a set period of time was studied, rather than as a proportion 
of the duration of fed activity, it is likely that changes in individual motility response 
would have been masked by the pooling of all the data (Fig 3.6).
Sarna’s study was designed to investigate the variation of these parameters over a total 
recording segment length of 220 mm, using 12 evenly spaced recording sites (20 mm 
apart). From the examination of the resulting multiple records it was possible to show 
that the migration velocity of phase III complexes was 43 +/- 20 mm/min. The 
percentage of propagated contractions occurring during fed activity (21 ± 0.6%) was 
statistically higher than those of phase II (18 ± 1%) but lower than phase III (46 ± 
4%). The propagation distance, however, was only different in phase III (52 ± 6  mm) 
with phase II (26 ± 2 mm) and fed activity (29 ± 4 mm) propagating over similar 
distances.
42
- History of computer analysis -
SO
? 40CT>
X
E 30
6
< 20UJ
cr
< 10
z
<
UJ
2 0
1
MEAL
2 3
TIME (h)
*
MEAL TIME (h)
G
T
0I
Mf Al
? 3
TIME {HI
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In recent years, with the advent of multi-channel, ambulatory recorders, the 
requirement for a flexible method of analysis of many hours of motility data has led to 
development, validation and testing of new software for the analysis of small bowel 
motility records , permitting the reduction of movement artefact and identification of 
characteristic motility patterns (Benson et al, 1993). The following thesis describes 
such a system.
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b o w e l  m a n o m e t r y
I n t r o d u c t i o n
It has already been established that the normal human small intestine exhibits a periodic 
cycle of activity during its fasted state, disrupted for a few hours by feeding. This 
cycle, and subsequent disruption, has provided investigators with an idealised template 
of activity against which all recordings might be judged. Only recently, however, have 
investigators begun to understand the full extent of the variability of this pattern. For 
this reason, much of the published work which has only investigated a few cycles of 
the MMC has provided misleading data based on a far too small a sample of data, 
given its known variability.
Ambulant recording, which had until recently been seen as an esoteric pursuit of little 
importance to gastrointestinal motility, has begun to gain acceptance. This form of 
recording allows for the monitoring of gastrointestinal motility over a prolonged 
period of time, in surroundings which begin to approach those of everyday life. Thus, 
recordings obtained in this fashion contain sufficient data to compensate for the known 
intra-subject variability (Challis & Wingate, 1984), and are relatively stress-free, 
enabling more physiologically relevant recordings to be obtained (Gill et al, 1986; 
Kellow et al, 1990; Kumar et al, 1989; Kumar et al, 1990; Kumar et al, 1986; Lindberg 
et al, 1990) . The main aim has been to develop a technique to provide a validated, 
objective standard for motility examinations.
The measurement of data (pH and pressure) from the oesophagus, enjoyed acceptance 
initially both because of the demand for a tool to examine the mechanisms of reflux 
disease and the relatively small amount of data which needed to be stored to 
adequately monitor relatively slow pH changes and few contractions (Janssens et al,
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1986; Sarna, 1984; Castell et al, 1984; Castell & Castell, 1986). The role of the small 
bowel is one of transport, mixing absorption and secretion in contrast to the 
oesophagus which simply acts as a transport medium terminated at each end by 
sphincters. Functional disorders of the small bowel, such as irritable bowel syndrome, 
are poorly understood by patients and clinicians alike, and it has proved difficult to 
correlate patterns of dysmotility with known pathology (Summers et al, 1983; Kellow 
& Phillips, 1987). Nevertheless, speculation into these inevitable functional disorders, 
which undeniably exist, has gradually fuelled interest in systems of prolonged motility 
investigations.
The following chapter describes the history of ambulatory manometric recording 
followed by a description of the experimental protocol which was used in all 
subsequent recording mentioned in this thesis.
E a r l y  A m b u l a t o r y  S y s t e m s
Radiotelemetry
One of the first systems which was developed for such a purpose was that of 
radiotelemetry, whereby a miniature diaphragm for measurement of pressure is 
coupled with a small radio-transmitter within a capsule for easy ingestion. Once in the 
gastrointestinal tract, the capsule was either allowed to travel freely from mouth to 
anus, or tethered securely by means of a fine string attached to the side of the subjects 
mouth (Thompson et al, 1980; Browning et al, 1981).
Capsules are approximately 25-30 mm long and 6-10 mm wide. Typical frequencies 
for transmission of these capsules is in the range 150-400 kHz, providing an overall 
pressure range of up to 300 mmHg, transmitting over a distance of up to 0.75 m 
throughout the body. Battery life varies from 3 days to over 60 days.
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The radio signals are received by a body-borne aerial belt, often in the form of multiple 
wound copper wire in a bandolier, completely encircling the torso (Browning et al, 
1983). The reception is carried out by radio receivers, tuned to the frequency of the 
specific capsule. For ambulatory purposes a portable, battery powered miniature tape 
recorder was used to record the signals.
Strain gauge catheter
Both the variability of signal strength and the uncertainty of the relative positions of 
the capsules, reduce the effectiveness of radiotelemetry for the detailed examination of 
small intestinal motility. For this reason, methods of more reliably monitoring 
pressures at easily controllable sites within the bowel were investigated. One such 
system was developed in the London Hospital by Gill et al (1990). This consisted of a
(i) manometric catheter with (ii) portable encoding device and (iii) magnetic tape 
recorder, and (iv) a decoding device to replay the recorded data (Fig. 4.1). The 
encoder and tape recorder were fitted to a belt worn around the subject's waist.
The flexible manometric catheter had two strain gauge sensors mounted 150 mm apart 
along its length. These strain gauge sensors were intermittently activated resulting in 
the encoding of intraluminal pressure as a series of electrical pulses using pulse-interval 
modulation. Each sensor had a linear range of 0 - 150 mmHg. At the distal tip of the 
catheter a small 2 g weight was used to facilitate placement of the catheter, and an 
additional air channel, positioned at the tip, allowed for inflation of a thin latex balloon 
once it had entered the small bowel. By inflating this balloon the intestine was able to 
drag the catheter down into position by peristaltic action.
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Fig 4.1 Early tape recording system. Tlie system comprised an analogue tape recording device (left) and 
encoding module (right) (G ill et al, 1990).
The encoding was achieved using a lightweight unit powered by a 9 V alkaline battery. 
The encoder consisted of a regenerative circuit housed in a plastic case. From a 
differential amplified an output pulse train was produced where the pulse interval was 
linearly related to pressure. The output of the measurement system was set so that a 
pulse interval of 50 ms corresponded to atmospheric pressure. This pulse interval 
decreased by 15 ms for every 100 mmHg rise in applied pressure.
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The output pulse train from the encoder was recorded on C-120 magnetic tape 
cassettes (Medilog 4-24 tape recorder, Oxford Medical Systems, Abingdon, UK). A 
timing saw-tooth wave with a frequency of 60 Hz was recorded on the fourth channel 
of the recorder, this was used in playback to reduce errors due to unstable tape speeds. 
Tapes cassettes were played back at 60 times normal speed (Medilog PB-2 replay 
system, Oxford Medical Systems, Abingdon, UK) and the pulse train decoded. The 
timing wave was used to reduce possible errors from changes in tape speed, since 
these changes would alter the pulse interval and hence the recorded pressure. In order 
to limit the effect of unwanted noise in the signals a maximum pressure gradient was 
defined which did not allow pressure changes to be registered and involved a change in 
the pulse interval by more than 5% between successive pulses. This gave an effective 
frequency response of 1 Hz real-time.
The quality of signals recorded using such systems was limited, the equipment 
cumbersome and the ultimate analysis time-consuming and very subjective. Analogue 
signals had to be played back onto a multi-channel, y-t chart recorder (Gould 
Electronics, UK) at a speed sufficient to resolve individual contractions. Therefore, if 
the playback speed is set such that one contraction corresponds to 1 mm, a 24 hour 
trace will take up 17.28 m of chart paper (Fig 4.2ab). It became clear in the late 
eighties that, with the introduction of inexpensive, solid-state recording devices, the 
science of prolonged ambulant motility investigation would depend on the 
development of portable data loggers which were capable of recording for many days, 
with multiple channels and a range of physiological parameters.
The first step towards the realisation of this goal came in 1988 with the first 
commercially available device from Cavendish Automation (St Neots, Hants, UK).
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w ho w as required to carefully scrutinise each pressure event to classify as true contractions or artefact. This section  
show s the last few  minutes o f  phase II activity, terminating in a phase III com plex which the investigator has 
indicated as being 3 .7  minutes in duration.
Fig 4.2 (b) Photograph illustrates the amount o f  data produced by a 24-hour recording. One 24 hour recording, 
played back at a scale o f  1 mm for every 5 s requires 17.28 m o f  paper trace.
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T h e  C a v e n d i s h  In t e s t i n a l  D a t a  L o g g e r  ( I D L )
Commissioned by the Gastrointestinal Science Research Unit of the London Hospital 
Medical College (Castillo et al, In Press), the intestinal data logger (DDL) was a 2 MB, 
three pressure channel and one time/event channel device capable of recording for up 
to 72 hours at a sampling rate of 2 Hz (sampling rate selectable in a range from 2 - 2 0  
Hz). It was designed to work with Gaeltec catheters as had been used earlier in the 
pulse-interval encoded system described above. The main unit weight was 650 g and 
power was supplied by a separate unit, 500 g in weight, containing four 1.5 V (type C) 
alkaline cells. Both units were either worn by the subject on a specially constructed 
harness or carried in a shoulder bag (Fig.4.3).
In addition to the hardware, each IDL was supplied with a simple menu driven suit of 
control software (CAVCOM.EXE) which served both to control the DDL and the 
recorded data. This program was loaded into the root directory of the main hard disk 
of the computer. A directory called IDATF was created which would be used to store 
all the data files created by the program. Of these options the two main functions were 
FILE MANAGER and LOGGER SETUP (see Appendix A).
The resulting data were stored as an unsigned character value (1 byte) for each 
sampled point. Control of the DDL was achieved by an IBM compatible PC with 
internal bi-directional parallel control card. This card was used for all communication 
between the PC and DDL. Complete transfer of the 2 megabyte capacity of the DDL 
required 15 minutes when using a 33 MHz 486 computer. Furthermore, once data had 
been recorded and transferred to the PC it was possible to use an internal, 4 channel, 
digital to analogue (D/A) converter, included on the control card, to send this data to a 
chart recorder (Gould Electronics, Hainault, Essex, UK).
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Fig 4.3. Photograph dem onstrated the portability o f  the IDL system. N ote the separate battery pack and
m em ory/processor unit
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E x p e r i m e n t a l  m e t h o d s
Ethical approval
The local Ethical Committee of the Royal London Hospital gave prior approval for all 
protocols mentioned in this thesis. All subjects were given a full verbal and written 
explanation of the aims, and potential risks, of each study before signed consent was 
obtained.
Radiation exposure
As mentioned above, all subjects were screened fluoroscopically in order to position 
the catheters correctly, thus exposing these subjects to ionising radiation.
In accordance with NRPB guidance notes (NRPB ,1988):
• all doses were kept as low as reasonably achievable.
• gonad shields were used at all times
• all screening procedures were undertaken by properly qualified investigators, having 
attended an IPSM course in ‘Radiation protection of the patient in the fields of 
Diagnostic x-rays’.
• exposures fell within the Category I (World Health Organisation, 1977) being less 
than 0.5 mSv within the variations of natural background.
• pregnant women were excluded from participation in any project.
• records were kept of the exposure to each patient in the form of the total recording 
of a Diamentor, Ionisation chamber (Radiatron Components Ltd., Middlesex, UK) in 
cGy.cm2
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In order to minimise the x-ray exposure to volunteers, an automatic exposure system 
(designed and built by the Medical Physics Department, The Royal London Hospital) 
was incorporated into the trigger mechanism of a Seimens Klinograph 3 fluoroscopy 
system. Linked to the triggering mechanism was a FM-60 digital frame-store system 
(Fora inc, Japan). This limited the activation of the X-ray tube to 0.2 s of exposure 
giving an estimated absorbed dose of 0.2-0.4 mSv (total body dose). Any volunteer 
who had an effective dose equivalent exposure of > 1 mSv over the last year was 
disqualified from participation in studies.
Manometric catheter
All studies in this thesis were performed using a thin, flexible manometric catheter (OD 
2.5 mm, length 2500 mm) incorporating 3-6 strain-gauge micro-transducers [type: 
CTG/L3] (Gaeltec Ltd., Dunvegan, Isle of Skye). The catheter contained a central air 
channel, which enabled the inflation of a small (10 ml) latex balloon, positioned at the 
metal tip of the catheter (Figure 4.4).
Each pressure sensor consisted of two chromium strain gauges vacuum deposited onto 
one side of an etched, silicone monoxide-insulated, copper-beryllium diaphragm. The 
diaphragm comprised one half of a Wheatstone bridge. Lead wires were soldered onto 
gold contacts which were vacuum deposited onto the strain gauges. Together with an 
atmospheric vent on the reference side of each pressure sensor, the lead wires passes 
within a thin stainless steel braid to an electrical connector at the proximal end of the 
probe. The electrical connector also contained two thin-film metal resistors that
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sensors are shown in Table 4.1.
- Ambulant manomety -
Temperature Limits 160C - 480C
Full Scale Pressure 0 - 300 mmHg
Maximum Linearity Error ± 0.1% FS
Maximum Hysteresis Error 0.3% FS
Sensitivity 5pV/V/mmHg
Table 4.1 M anufacturer’s specifications for strain  gauge m icro-transducers (type: C TG /L3)
Fig 4.4 M anom etric catheter. Incorporating three strain  gauges and an a ir channel to the tip , w here a latex 
baloon m ay be inflated to aid  positioning w ithin the bowel.
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(i) Catheter preparation
All catheters were cleaned by soaking over-night in a solution of Cidex™ (2% 
gluteraldehyde solution), rinsed thoroughly in water on the morning of each study. At 
that time a small latex balloon was tied securely to the distal tip, forming an air-tight 
seal so that it could be easily inflated by upto 5-10 ml of air by syringe, at the proximal 
end.
(ii) Catheter calibration
All catheters were pre-calibrated, however, the offset level varied between sensors. 
For this reason, at the beginning of each study it was necessary to set the zero 
(atmospheric pressure) level for each sensor. This was achieved using an on-line 
facility in the control software which displayed the output level from each transducer. 
The DDL was attached via the parallel connector to an IBM compatible PC and the 
control software, Cavcom, executed. Logging commenced after selecting the 
appropriate sampling rate (2, 5, 10 or 20 Hz). At this point the investigator utilised a 
calibration option which displayed the relative offset from zero of all three channels of 
pressure in an on-line display. Screw adjustments inset to the side of the IDL allowed 
each channel to be zeroed separately. In practice, because of possible drift in the 
baseline signal, the zero level was set so that it corresponded to 40 mm Hg. This gave 
a capacity for positive pressure excursions of 160 mm Hg and a possible downward 
drift of 40 mm Hg before any signal was lost. Once all three transducers had been 
adjusted the data logging process was temporarily halted by application of the 'hold* 
switch and the IDL put to one side ready to recommence logging once the catheter 
had been positioned.
(Hi) Subject preparation
Subjects arrived at the laboratory in the early morning, about 8 am, after an overnight 
fast. The nature of the procedure was fully explained to all subjects. In the case of
Measurement protocol
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healthy volunteers, where approval from the local ethical committee had been 
obtained, they were asked to sign a consent form. Patients were not required to sign a 
consent form. Once relaxed they were offered the use of a lignocaine spray, 
Xylocaine, to temporarily remove sensation in their nasal and oral cavity.
(iv) Subject intubation
With the subject sitting comfortably, the tip of the catheter, soaked in water soluble 
jelly (KY, Johnson & Johnson) to lubricate it's passage, was passed either nasally or 
orally into the oesophagus and, with the aid of water, swallowed by the subject. Once 
the tip had passed the upper oesophageal sphincter the subjects continued to drink 
water to facilitate the passage down to the stomach. Approximately 700 mm of the 
catheter was thus introduced so that there was sufficient length for the tip to pass 
through the pylorus of the stomach into the proximal duodenum.
(v) Catheter positioning
Radio-opaque markers were positioned at the site of each sensor and at the tip of the 
catheter, to facilitate fluoroscopic imaging of the position of the catheter (Klinograph 
3, Siemens, UK). A single shot trigger facility (set to 0.5 second exposure) (designed 
and built by Medical Electronics, The Royal London Hospital) and a freeze frame unit 
(FM-60; Forma Ltd. Japan) helped to minimise the total dose to each subject. The 
dose rate was monitored by an ionising chamber (Diamentor Ml, PTW, Germany). 
Subjects were positioned on their right hand side and the catheter tip located at regular 
intervals until it had passed into the proximal duodenum. At this stage the latex balloon 
was inflated with 5-10 ml of air to provide a bolus for the gut to transport the catheter 
distally into position. Once the mid-sensor had reached the ligament of Treitz the 
balloon was deflated and the external end of the catheter was taped securely to the side 
of the face and around the back of the ear, and the connector plugged into the input 
socket of the IDL. Shortly after this the 'hold' switch was released, allowing logging to 
recommence at the predefined sampling rate.
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At the end of the recording period subjects returned to the laboratory and logging was 
halted. Data was transferred to an IBM PC via a parallel connection in a period of 
approximately 20 min using a 33MHz 486 micro-computer. The transfer rate was 
particularly dependent on the speed of the computer onto which the data was to be 
transferred. The resulting data were stored in a series of files designed to fit onto two 
high density 51/4" floppy disks. A set of 64 primary data files and 64 secondary data 
files was produced (.pdf and .sdf files).
From this point the resulting data could be output to a chart recorder using a D/A 
converter which was integral to the card used for parallel communication and data 
transfer with the data-logger (see Fig. 4.5).
(vi) Termination of recording
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Fig 4.5 C onfiguration o f  IDL, m icrocom puter and chart recorder. This show s the basic IDL system  as a sim ple 
m eans o f  digital recording w ith no built in analysis, w ith either visual display on tlie screen o f  the PC or by 
production o f  hard copy for scrutiny by the experienced investigators.
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V a l i d a t io n  o f  t h e  I n t e s t in a l  D a t a  L o g g e r  ( I D L )
Comparison with perfused tube manometry
Perfused tube assembly
Construction of this assembly was achieved using a composite of two 2500 mm 
lengths of tri-lumen polyvinyl tubing [OD 2.0 mm, ID 0.8 mm] (Dural Plastics, Dural, 
NSW, Australia), bonded together with tetrahydrafurantoin. Three 1.0 mm side-holes 
were cut into the tubing such that each side-hole punctured one lumen. The lumen 
immediately distal to each of the side-holes was occluded with a steel plug (length 5 
mm, diameter 1 mm). The side-holes were positioned 150 mm apart along the length 
of the tubing, the most distal of these holes being 150 mm from the tip of the assembly.
F ig  4.6 Diagram of low-compliance pneumohydraulic system for perfusion manometry. (From Malegelada et al 
1986)
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A low compliance pneumohydraulic capillary infusion pump (Arndorfer et al, 1977) 
was used to constantly perfuse the three measurement lumen with water at a rate of 
0.2 ml min'1 (Figure 4.6). This flow rate was chosen to give a pressure response of 60- 
65 mmHg s'1 when the orifice was occluded (Dodds et al, 1976; Stef et al, 1974). The 
rate was considered sufficient to record contractile activity in the proximal small bowel 
which has a maximal contraction frequency of about 12 per minute and a maximum 
contraction amplitude of about 150 mmHg. At the proximal end of each measurement 
lumen, pressure was recorded using external pressure transducers (type: Luer, Gaeltec 
Ltd, Dunvegan, Isle of Skye) connected via a T-junction to the perfusion system. The 
output of each pressure transducer was digitised (DT2914, Data Translation, 
Marlboro, MA, USA) and stored onto an IBM PS/2 microcomputer with a sampling 
rate of 5 Hz. The analogue signal was simultaneously stored on a paper record using a 
y-t chart recorder (Linear Corder Mk VII, Watanabe Ltd, Japan). Each of the 
pressure transducers was calibrated using a modified sphygmomanometer such that 
1.25V deflection on an oscilloscope screen was produced for each 50 mmHg of 
applied pressure.
Intestinal data logger with strain gauge catheter
To the above mentioned assembly was tied a Gaeltec 250 mm, 3 channel manometric 
probe was tied, as described in the previous section. The catheter was positioned 
such that each of the strain-gauge transducers fell adjacent to one of the three side 
holes of the perfusion system.
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After an overnight fast, a healthy volunteer was intubated with the assembly per orum, 
and positioned under fluoroscopic control such that the mid-sensors were situated at 
the ligament of Treitz. Pressure changes were recorded using the two systems for a 
period of 90 minutes while the subject remained fully recumbent, recording one full 
cycle of the MMC.
On completion of the study, data were transferred from the IDL to the computer, as 
described earlier, and analysed by software (to be discussed in chapter 5) to identify 
individual contractions and the amplitude of each contraction, classifying as 
contractions only events which exceeded 10 mmHg in amplitude. The number and 
amplitude of contractions recorded by the two systems was compared using methods 
described by Bland & Altman (Bland & Altman, 1986).
Results
442 contractions were identified using the perfused tube assembly and 461 using the 
stain-gauge/IDL combination. All pressure events which were seen using the perfused 
tube method were detected by the IDL. Of the other 19 pressure events which were 
seen using the IDL, a similar pressure event was seen in the perfused tube record in all 
but one instance, these events being of insufficient amplitude to be classified as 
contractions. Thus the sensitivity of the DDL system was 100% with a positive 
predictability of 96% with respect to the perfused tube assembly.
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F ig  4.7 Comparison o f contractile am plitude m easurem ents using IDL system with perfused  tube m anom etry. A 
B land and Altman plot o f  the m ean am plitudes against the m ean differences in each o f  Die 442 contractions seen 
in Die two systems is shown wiDi Die calculated bias indicated by the solid horizontal line. The 95%  confidence 
interval is shown by Die vertical whisker.
The relative agreement of the amplitudes for the two systems is shown in figure 4.7. 
Here the bias for the mean difference over a pressure range of 10-76 mmHg was -5.4 
mmHg with respect to the perfused tube system. This indicated a tendency of the IDL 
to over-estimate the amplitude of the average contraction by this amount (Figure 4.8). 
The 95% confidence interval did not encompass zero showing a significant difference 
in the amplitudes recorded using the two methods. However, the majority of the data 
fell within the limits of agreement (-2SD:-22.8 mmHg, 2SD; +11.9 mmHg).
6 3
- Ambulant manomety -
O)I
E
o«o
Tim e (s)
F ig  4.7 Com parison o f  perfused  tube m anom etry w ith  strain gauge/IDL combination. A  short period o f  tw o 
m inutes a t d ie onset o f  a  phase HI is used to illustrate  the sim ilarities betw een the m easurem ents across th e  two 
systems. N ote die slightly h igher am plidides seen w id i d ie strain gauge/IDL combination.
Stability of IDL measurement system
Introduction
The long-term stability of the strain gauge catheter and IDL solid state device was of 
importance since it was possible to record for up to 72 hours on one recorder, or even 
longer if the recorder was temporarily disconnected for transfer of data and addition of 
new batteries.
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Method
Two manometric catheters were investigated in this study. Each catheter was placed in 
a water filled calibration sleeve (Gaeltec Ltd, Dunvegan, Isle of Skye) and allowed to 
equilibrate in a water bath maintained at 37°C for 3 hours. The catheter was then 
connected to a recorder and recording commenced at a sampling rate of 2 Hz. A 
modified sphygmomanometer was used to apply pressures of 100 and 200 mmHg for 1 
minute each, at intervals of 12 hours for a period of 96 hours. The data logger was 
connected to the computer at 60 hours to transfer data and for new batteries then 
logging was recommenced for the remaining 36 hours.
Drift was assessed by measurements of the baseline pressure at six hour intervals, 
whereas the response of the transducer was expressed as the percentage difference 
between the applied reference pressure and the mean pressure measured by the IDL 
over the 1 minute of each applied pressure.
The maximum baseline drift over a six hour period was 4 mmHg, however 92% of the 
measurements showed a drift < 2mmHg for any six hour period. The change in the 
reference pressure offsets in response to the 100 and 200 mmHg impulses were small 
in absolute terms. Within the limits of accuracy of the sphygmomanometer system 
(estimated at +/-2mmHg) the variation was negligible, with no overall tendency to rise 
or fall over the 96 hour period. Figure 4.9 indicates the variability of offset 
measurements with the two pressure impulses.
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Fig 4.9 In vitro assessment of llie stability of strain gauge transducers with time. The difference between the 
recorded and the reference pressure is expressed as a percentage o f the reference pressure, (a) relationship for 
lOOmmHg and (b) for 200 mmHg.
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Methods
Six hours of digitally sampled recordings from the small intestine were acquired at the 
maximum permissible sampling rate of 20 Hz. Hypothetical data sets were generated 
from this at sampling rates of 10Hz, 5Hz, 2Hz, 1Hz and 0.5 Hz. The effect of this 
change in sampling rate was quantified with respect to the number of pressure events 
seen and the distribution of measured amplitudes.
Results
In the six hours of recording 720 contractions were identified in the three channels of 
data. This figure is derived from the 5 Hz generated data. At higher frequencies a 
plateau is seen with hardly any difference between 20Hz and 5Hz (falling to 710 
identified contractions), with a fall in sensitivity at about 2Hz (only 659 contractions 
identified). At lower frequencies, however, the drop off in sensitivity was more 
marked, with a fall to 47% (338 contractions identified) seen at 1 Hz and to less than 
1% at 0.5 Hz. Figure 4.10 illustrates this variation in sensitivity.
Examination of the amplitudes of contractions seen at the different sampling rates 
reveals a similar trend. Since not all the same contractions were observed using the 
different sampling rates, only those contractions recognised at sampling rates between 
20 Hz - 1 Hz were compared; 83 such contractions occurred. Here it was seen that 
the maximum amplitude was consistently seen at 20 Hz with a drop off in amplitude at 
progressively lower sampling frequencies. These variations are illustrated in figure 4.11 
and 4.12.
The effect of different sampling rates
67
- Ambulant manomety -
Sampling rate
Fig 4.10 The effect o f  altering the sam pling rate used on the num ber o f detected contractile events. N ote that a 
plateau m aintained until about 2 Hz beyond w hich the sensitivity begins to fall o ff sharply.
140
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Sampling rate (Hz)
Fig 4.11 The effect o f altering the sam pling rate used on the am plitude o f contractile events detected by the 
program.
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F ig  4.12 Exam ple o f the effect o f decreasing the sampling rate in a  short section o f recording.
C o n c l u s i o n
At the time of its introduction, the Cavendish IDL was unique in the field of digital 
manometry of the intestine. Devices for the digital recording from other regions of the 
Gl tract did exist at that time, most notably for oesophageal manometry, however 
these did not have the same large capacity for data storage. It had been common 
practice to reduce the amount of data recorded by introducing some form of event 
detection within the hardware of the data-loggers, thus only those events which were 
considered as real contractions were stored in memory (Breedijk et al, 1989). Using 
such schemes it had proved possible to condense whole 24 hour recordings of 
oesophageal motility onto a few kilobytes of memory. This simplification was not 
possible within the small bowel for two reasons.
Firstly, the contractile activity within the small bowel is far more intense than the 
oesophagus, averaging contraction frequencies of up to 4 cpm, corresponding to 
17280 contractions from three recording sites. If only the timing of each contraction 
with its associated amplitude and duration was to be stored (assuming time is stored as 
4 bytes, and amplitude and duration in 1 byte each) then the total storage requirements 
migh be as high as 84 kBytes.
Furthermore, it was felt that the storage of a continuous record of raw data recorded 
at each site provided the best method for archival of study data, allowing for further 
developments in the analytical techniques to be employed. Therefore, for 
measurements of 24 hours at 5 Hz sampling rate, 1296 kB of data must be recorded 
for the equivalent 3 channels of data (432 kB for each channel). Above this sampling
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frequency there appeared to be little advantage, with only a small increase in the 
number of contractions which would be detected.
Therefore the IDL, with its 512 kB available in each channel, was able to record for up 
to 28 hours. As no tools were provided for computational analysis it originally 
provided a means of high quality digital recording which provided an analogue paper 
output for visual analysis by trained investigators as shown in Figures 4.3a and 4.3b. 
The following three chapters discuss the development of automated and semi­
automated software tools to help in the analysis, classification and collation of various 
motility parameters.
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C h a p t e r  5 R e c o g n i t i o n  o f  s m a l l  
b o w e l  c o n t r a c t i o n s
The analysis of the wave-forms resulting from the measurement of intestinal pressure 
activity remains ill-defined and speculative since the pressure transients which are 
recorded do not simply correspond to circular muscle phasic contractions. The 
interaction of longitudinal and circular muscle action in the production of both short­
lived, phasic contractions and more prolonged tonic changes, in addition to external 
pressure transients, presents a highly complex variation in measured pressure which 
must be interpreted. This chapter details the steps involved in the initial identification 
of contractile activity, including their validation.
The identification of a single contractile event would appear to be fairly simple in the 
small bowel. The slow wave of electrical depolarisation which permits contractions to 
occur sweeps down the small bowel, limiting the contraction duration to one full cycle 
of the wave (5-6 s). Therefore, the contractions which are recorded in the small bowel 
would be expected to be of a clearly defined duration, of no more than 6 s. 
Furthermore, before a new contraction can be initiated the previous event must have 
terminated, again as a result of the permissive slow wave. Therefore there should be a 
clear minimum between each successive contraction. This elegant simplification is 
perturbed by a number of factors.
The measuring system used in intraluminal manometry consists of a small area upon 
which the gut wall must press either directly or via an intermediary, such as gas, liquids 
and partially digested foodstuffs. This intermediary is often compressible, and may 
attenuate or delay the pressure transients leading to a modification of the measured 
contractile profile from the true mechanical nature of the surrounding musculature.
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F ig  5.1 The trace above represents a period o f  a tiiree channel 24 hour recording from the hum an sm all bowel. 
N ote the excursions from the baseline wliich may be seen simultaneously in all channels a t the beginning o f  the 
trace and the respiratory effect in the last six m inutes o f  the proximal trace-
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The description of the nature of contractions in the small bowel is based on 
physiologically normal manifestations of these events. In order to measure 
pathological deviations from normality it is important to be able to select criteria for 
recognition of contractions which allow for the inclusion of these deviations.
Recently, investigators have formed the opinion that prolonged, ambulant recordings, 
rather than more restrictive short-term laboratory investigations, are necessary for 
accurate assessment of small-intestinal activity.
Noise content of motility traces 
Equipment noise
Current digital data loggers do not suffer from the high frequency random noise of 
their analogue, magnetic tape predecessors. There may be a component of drift in the 
signal over a long period of time, particularly when a transducer is about to fail. This 
does not normally present a problem unless the signal drifts so much that portions of 
the measured pressures fall outside the measurement window which covers a 
200 mmHg pressure range.
Respiratory noise
Respiratory movements may often be seen in motility traces. It is rare that the 
amplitude of regular breathing (about 10-15 cpm) exceeds pressures of 10 mm Hg. If 
high amplitude breathing artefact does occur it is normally present to some extent in all 
channels of data.
Cardiac noise
The third part of the duodenum runs within millimetres of the aorta. Occasionally this 
may produce noise due to the pulsatile flow of blood down this major artery. The 
frequency of this noise is normally about 60 - 90 cpm and is easily discriminated from 
contractions of the small intestine.
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Gross movements of the body due to a change in posture, straining during defaecation 
or physical exertion may all produce high pressure artefacts. These are normally 
easily discriminated from intestinal contractions since they occur simultaneously at all 
recording sites.
Baseline variations and signal distribution
As with all data it is important to understand the nature of the underlying basal 
distribution, resulting from pressure transients which are unrelated to the phasic 
contraction of the surrounding smooth muscle (noise).
If we consider the idealised signal where there is no drift and no noise, just a steady 
pressure which is deviated in a positive direction from the baseline as a result of an 
intestinal contraction, the overall effect on the pressure distribution will be dependent 
on the contractile profile alone.
Therefore, during phase I of the MMC cycle a constant value of pressure is recorded, 
as phase II is initiated the distribution of pressures develops a second peak of which 
the sharpness is dependent on the variation of amplitudes, and finally, during phase III 
there is a clear second peak seen in the distribution corresponding to the maximum 
amplitude of the contractions. If the amplitude of contractions is constant and the 
pressure changes conform to a sinusoid then the distribution will be symmetrically 
bimodal.
Other intra-abdominal pressure transients
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F ig  5.2 These figures illustrate the effect o f  increased contractile activity on the d istribution o f m easured 
pressure, (a) Phase I activity - no contractions, therefore simply a clear basal peak is present; (b) Phase H activity 
- occasional contractions, provides a slight skew  in the distribution; (c) Phase III activity - regular contractions 
tend to produce a bimodal distribution.
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In reality, however, the amplitude of contractions is spread over a wide range of 
pressures and the pressure variation is not necessarily sinusoidal. For these reasons the 
resulting sampled pressure distribution does not normally show this bimodal 
distribution. In most cases the main peak occurs at the low amplitude portion of the 
data, or baseline, with a wide skew of pressure data at pressures above this point. Even 
when many contractions are present in the signal the baseline level contributes greatly 
to the data, this effect is illustrated in Figure 5.2. The important point is that these data 
are not normally distributed, but skewed with bimodal characteristics. Therefore in 
order to estimate the basal pressure level it is advisable not to use techniques which 
assume a normal distribution.
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C o n t r a c t i o n  i d e n t i f i c a t i o n  p r o c e d u r e
Baseline estimation
The baseline was estimated by successively ranking the measured pressures for a 
period of one minute into 256 bins, corresponding to pressures of 0 - 200 mmHg (0 - 
26.67 kPa). Therefore, each bin indicated the number of measurements of a particular 
pressure during that one minute epoch (the bin size being 0.78 mmHg or 0.104 kPa). 
Figure 5.2 has shown the relative distribution of measured pressures for a range of 
types of contractile activity. By taking this 8th centile point of the resulting distribution 
the baseline could be reliably estimated independent of regular positive pressure 
excursions and the more infrequent negative dips due to coughing and similar intra­
abdominal events.
The baseline level is required for two reasons: (i) to aid in the identification of 
contractile events and (ii) once identified to calculate the area under the curve (AUC) 
of these contractions.
Signal smoothing
The physiological variations of the smooth muscle surrounding the wall of the bowel 
display a periodicity in the order of 5 - 6 s. Therefore, if one samples at a rate of 5 Hz, 
this will mean that 25-30 samples encompass one full contractile cycle. The use of a 
slight smoothing function, such as the Savitzki-Golay (Savitski & Golay, 1964) 
implementation of least square smoothing, may therefore aid in the gradual smoothing 
of the signal leading to a standard approach to the removal of short lived pressure 
transients without reducing the maximum amplitude of true signals. Savitzki and Golay 
reported that the use of least squares smoothing has considerable advantages over 
simple convolution by a variety of convolution functions.
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368 356 342
F ig  5.3 T he effect o f  using 9 point convolution on a  sharp m inim um  value (342). V arious 9 poin t convolution 
fimctions are used. Tlie num ber a t Die bottom  refers to  Die lowest recorded point, and is a m easure o f  Die ability 
to re ta in  Die shape o f  Die peak. A: raw  data wiDi a  h igh  basal level o f  1000 dropping sharply to 342; B: m oving 
average; C: triangular function; D: norm al exponential function; E: sym m etrical exponential function; F: least 
squares smooOiing. (Savitzky & Golay, 1964)
Identification of pressure events
In figure 5.4 is a representation of a small portion of one channel of intestinal pressure 
recording. In this trace are illustrated all of the features which were used to identify 
the pressure event. The characteristics of intestinal pressure changes are variable, with 
potentially both time and amplitude asymmetry. For a given pressure peak, P, three 
points of inflection were identified at the start (Pstart), peak (P,nnx), and end (P d). At
any point on the trace the gradient of the pressure changes may be expressed as dp/d t, 
this gradient is used to define the precise timing of these points of inflection and
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calculated from a linear regression over three successive data points. P corresponds
to the time at which dp/<u > + 2.5 mmHg/s, when the gradient falls below - 2.5 mmHg/s 
the absolute maximum is determined by backtracking over the past three data points to 
find the maximum value. Similarly, P is defined as the subsequent minimum value at
which the gradient exceeds - 2.5 mmHg/s. This event is characterised by a time 
duration, d, a pressure rise, h1? and a subsequent pressure fall, h . A second pressure
event may occur in the same trace after a time separation, s.
S
<  ►
max
F ig  5.4 Illustration o f  two successive pressure events to show the derivation o f  values used  in  the  com puter 
algorithm , dr, change in  tim e; dp, change in  pressure; a, am plitude; Pstart, Pmax, Pend, start, peak and  end o f  
pressure event respectively; s, separation; d, duration. The initial threshold for detection o f  a  p ressure  event is 
show n as h i, follow ed by a  threshold declination for definition o f the peak, I12.
A minimum amplitude threshold, A|nin, was defined. Any recorded pressure rise,
which exceeded this value was flagged as a possible contraction. Following the peak, 
the subsequent decline to a minimum value was required to exceed 30% of hr In
addition, if D . and D are minimum and maximum duration thresholds, then the5 mm max 1
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relationship D . < d < D must be satisfied for the event to be considered to be a1 nun max
true contraction.
F ig  5.5 F low  diagram  representing tlie steps involved in  the recognition o f a  pressure event. N ote  that two 
pressure events a t a  tim e are detected, tlie first being the  active event and Die second, the reference. O nce they 
have both been  classified possib le contractions tlie interval betw een the active and reference event is m easured 
and tlie decision as to w hether to m erge, ignore or accept the active event is m ade.
Finally, for an event to be accepted as a true contractile-like event, the temporal 
relationship between adjacent events is examined. A peak is accepted as a possible
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Finally, for an event to be accepted as a true contractile-like event, the temporal
relationship between adjacent events is examined. A peak is accepted as a possible 
contraction if it occurs after a time separation, s > S . ,  where S . is the minimum1 7 nun3 nun
separation permissible between two contractions The flow diagram in figure 5.5 
illustrates the logic of this scheme.
Rejection of artefacts
Initial identification of pressure events would include all events which conformed to 
the idealised contraction profile described above. Some of these events might result 
from movements of the thorax or diaphragm, and not be due to true intestinal 
contractile activity. By examining the events identified at sequential transducer sites it 
is possible to reject artefacts on the basis that true contractions should not occur 
simultaneously, but have an associated time lag between measurements at sites which 
are spaced more than a few cm apart.
Therefore, each channel, which had already been analysed separately for activity 
which might be due to intestinal contractions, was examined by the programme a 
second time with respect to the relative timings of contractile events. For each channel, 
two other channels corresponding to those which had been positioned closest to that 
channel, were used as reference sites. The distance between each of these channels was 
used to calculate the size of the time window to relate events in the channel of interest 
with those of the reference channels. If a reference event fell within this time window it 
was regarded as a simultaneous event.
Furthermore, a second, stricter amplitude threshold was introduced (set by default to 
10 mmHg) below which any event would be rejected as an artefact. Therefore, an 
event was flagged as being an artefact if both of the reference channels contained
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simultaneous events or if the event fell below, Afi„ai. The logic of this scheme is shown 
in Figure 5.6.
The results of this analysis were stored on disk in one file for each channel of data 
analysed. This file contained a sequential series of data structures which contained the 
time of each contraction maximum (in sampled points dong int), with its associated 
duration (in sampled pointsdnt), amplitude (in mmHg:unsigned char) and area under 
the curve (in mmHgs:float). The size of the data structure was therefore 11 bytes, so 
that the resulting data files were multiples of 11 bytes in size. Figure 5.7 shows a short 
section of one channel of a pressure recording with the associated recognised 
contractions shown beneath it.
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F ig  5.6 F low  diagram  indicating the logic behind the  discrim ination o f  artefacts from  contractions.
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F ig  5.7 A short period o f one channel o f  m otility trace indicating those contractions recognised by the computer. 
The height o f  the bars indicates the estim ated am plitude for each event as seen by the computer.
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Q u a n t i t a t i v e  e v a l u a t i o n
Peak detection
The effect of changing the descriptive parameters was examined. One 30 hour 
recording, acquired as described previously, was used in all subsequent calculations. 
The effect of varying all parameters while leaving the others constant was examined.
Were a parameter was left constant its value is shown in Table 5.1. These parameters 
are minimum amplitude (Amin), minimum fall in pressure (Fmin), minimum separation 
(S . ), minimum duration (D . ) and maximum duration (D ).v 111111 v miir v max'
Parameter Constant value
A .min 3 mmHg
Fmill 0.3 * hi mmHg
S .nun 3.2 sec
Dnun 2.5 sec
Dmax 9 sec
(dp/dt) .v r ' 111 2.5 mmHg/s
T ab le  5.1 C onstant values used  for exam ination o f  descriptive param eters.
Evaluation of artefact rejection
To test the specificity of the artefact rejection scheme which had been devised, a signal 
with no enteric component and a large amount of movement related artefact was 
required. In order to generate such a signal, a three channel naso-gastic catheter was 
used, with pressure transducers positioned at three points within the gastric fundus at 
30 mm intervals. In this position any gastric contractions are rare and any that do 
occur are non-occlusive and, as such, would not be detected by the point transducers 
used. The catheter was placed within the fundus under fluoroscopic screening, as 
described earlier, and recordings of pressure changes made with a sampling rate of 5 
Hz for 5 hours. During this time, in order to maximise the amount of recorded
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movement artefact, the subject was encouraged to be physically active throughout this 
recording period. The number of events which were detected by the initial peak 
recognition program at different amplitudes was compared with the number of 
contractions seen after having filtered out artefacts by applying amplitude, width and 
simultaneous discrimination.
O b s e r v e r  c o m p a r i s o n
Recognition of intestinal contractions
In order to validate the computerised approach to motility analysis, comparison with 
observers was necessary. Trained and experienced observers provide the best possible 
"gold standard" since manual inspection of traces was the previously accepted method 
of analysis. Two traces of three channels of data, each recorded over 60 minutes, were 
selected for the validation. Trace 1 (Fig. 5.8) contained a high degree of motion 
artefact with very few contractions, while, in contrast, Trace 2 (Fig 5.9) appeared to 
be relatively free from artefact and had many contractions. Six experienced observers, 
from 4 different laboratories (median experience 6 years; range 2-20 years) were asked 
to score both trace. They were asked to identify all true contractions, and indicate the 
amplitude and duration of each of these. The resulting "gold standard" was defined 
such that an event which was indicated as being a true contraction by five or more 
observers.
Observer consistency
This approach has limitations, however, due to the possible variation in observer 
response due to the subjective and laborious nature of such visual inspection. It was 
therefore considered necessary to evaluate both the inter- and intra-observer variation 
which might be inherent in contraction recognition with a view to establishing the 
validity of the resulting "gold standard". To this end, all six observers were requested
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to reanalyse the same traces six months later. Therefore, the inter-observer variability 
was derived from comparison of the six observers first scoring and the intra-observer 
variations was derived by comparison of each subject with his/her own first scoring 
with their subsequent scoring.
Computer specificity and positive predictability The computer was used to analyse 
the same two traces, using the constant values for recognition parameters described in 
table 5.1. The sensitivity and positive predictability were calculated for both traces.
Sensitivity = TP / ( TP +FN);
Positive predictability = TP / ( TP +FP );
Specificity = TN / ( TN + FN );
Here the True Positives (TP) correspond to the number of contractions which are 
detected by the program which are also identified as such by the "gold standard". The 
False Positives (FP), conversely, are the number of contractions detected by the 
program which are not identified by the "gold standard". The False Negatives (FN) 
are the number of contractions which have not been seen by the program but have 
been identified by the "gold standard". Finally, the True Negatives (TN) are the 
number of events not seen by both the program and the "gold standard". This final 
figure is unavailable to us for this system, excluding the possibility of calculating a 
specificity.
Agreement of amplitude and duration of contractions between algorithm and 
consensus opinion of observers
The method for calculating the agreement between the consensus opinion, or "gold 
standard", was described by Bland and Altman (1986). In this model, the bias is the 
mean difference between the two of measurement of a variable; demonstrating how
8 8
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closely two methods agree. The 95% confidence intervals indicate the precision of the 
estimate, and the two standard deviations give the limits of agreement of the bias. The 
x-axis minima and maxima indicate the parameters for which the bias was calculated.
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F ig  5.8 Trace 1 shown in full (A) and w ith a section o f  irregular contractile activity expanded to show  the high 
content o f  m ovem ent artefact (B).
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F ig  5.9 Trace 2 shown in full (A) and w ith a section o f  clusters o f contractile activity expanded to show m inim al 
perturbation o f baseline by movement artefact (B).
91
-Recognition of small bowel contractions -
Q u a n t i t a t i v e  e v a l u a t i o n  r e s u l t s
Data smoothing
Figures 5.10 an 5.11 indicate the effects of altering the smoothing function on the 
amplitude of contractions seen and the number of contractions detected. No 
significant effect was seen for the Saviski-Golay least squares approximation 
technique, however, the use of alternative convolution kernels (triangular and square 
wave) produced both an increase in the attenuation of the amplitude of the measured 
contractions and a subsequent fall in the sensitivity.
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F ig  5.10 G raph illustra tes the effect o f  using  three different convolution kernels (square, triangular and  least 
squares) for sm oothing o f  a  24 hour m otility signal. The decline in  the am plitude resu lting  from  the  three kernels 
is m agnified as the order o f  sm oothing is increased. N ote that the least squares technique produces the low est 
decline.
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Smooth parameter
F ig  5.11 G raph illustra tes the  effect o f  using three different convolution kernels (square, triangular and  least 
squares) for sm oothing o f  a 24 hour m otility  signal. T he resulting drop in  sensitivity  shows a m ore m arked 
difference, w ith  the  least squares approach producing by far the lowest fall in  sensitivity.
Baseline correction
Figure 5.12 illustrates the relative estimation of baseline for a typical trace containing 
many intestinal contractions. The calculation of a mean for this signal will result in a 
severe over estimation of the baseline level. Taking the extreme minima, however, will 
be affected by negative excursions from the true baseline. A ranking method appears to 
be preferable since this allows the baseline to be estimated independently of extreme 
values. By taking the 8th centile point over 12 seconds (or 2 cycles of the intestinal 
slow wave) the best estimate of the baseline is achieved. This level was chosen by 
inspection of the characteristic amplitude distributions already shown in figure 5.2.
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F ig  5.12 Com parison o f  m ethods used for baseline estimation. Three methods are com pared using the 8th centile  
estim ation, absolute m inim a and m ean value.
Peak detection
The effect of varying the descriptive parameters for the definition of a true contraction 
is indicated in the accompanying figures (Figs 5.13-5.17). The effect of gradually 
increasing the peak separation threshold used in the detection program From 1.8 s to 
7.3 s indicated that the largest proportion of contractions are detected at 5.7 seconds, 
with the range at half this maximum value from 4.3 - 5.9 s. The distribution is heavily 
skewed with many peaks seen with a separation of less than 4 s. Much of this is 
probably due to the effect of respiration which would be expected to exhibit a similar 
periodicity. Commonly, a single contractile event may be modified by the action of 
breathing, or the pulsatile flow of blood.
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S (s)
F ig  5.13 The illustration above indicates the  effect o f  varying the value set for the peak  separation threshold 
used  in  the  detection o f  in testinal contractions. A  three channel trace recorded for 1800 m inutes from  the  sm all 
bow el w as analysed using a  range o f  peak  separation thresholds. The change in  Hie total num ber o f  events 
identified  using the different threshold  levels is indicated. The dotted line is an  extrapolation to the x-axis to 
indicate the  level chosen for the analysis threshold, Smiu.
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(a)
Minimum duration threshold (s)
(b)
Minimum duration (s)
Fig 5.14 (a) The illustration above indicates the effect of varying the value set for tire minimum peak duration 
threshold used in the detection of intestinal contractions. A tiiree channel trace recorded for 1800 minutes from 
the small bowel was analysed using a range of minimum peak duration thresholds. The total number of events 
identified using the different threshold levels is indicated, (b) The change in the total number of events 
identified using the different threshold levels is indicated. The dotted line indicates the level of Dmin used.
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(a)
Maximum duration threshold (s)
(b)
Maximum duration threshold (s)
Fig 5.15 (a) The illustration above indicates the effect of varying Die value set for tire maximum peak duration 
threshold used in tire detection of intestinal contractions. A three channel trace recorded for 1800 minutes from 
tire small bowel was analysed using a range of maximum peak duration thresholds, (b) The change in tire total 
number of events identified using tire different threshold levels is indicated. The dotted line indicated tire level 
ofDmax used.
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Final amplitude threshold (mmHg)
Fig 5.16 The illustration above indicates the effect of varying the value set for the final amplitude threshold used 
in the detection of intestinal contractions. A three channel trace recorded for 1800 minutes from the small bowel 
was analysed multiple times using a range of secondary amplitude thresholds. The change in the total number of 
events identified using the different threshold levels is indicated. The dotted line indicated the level of the final 
amplitude threshold used normally.
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Gradient threshold (mmHg/s)
Fig 5.17 The illustration above indicates the effect of varying the value set for the minimum gradient threshold 
used in the detection of intestinal contractions. A tiiree channel trace recorded for 1800 minutes from the small 
bowel was analysed multiple times using a range of minimum gradient threshold. The change in the total number 
of events identified using the different threshold levels is indicated.
Evaluation o f artefact rejection
The result o f measurement within the gastric fundus was a trace containing mainly 
activity mimicking artefact seen in the small bowel. A range of pressure events 
resulting from inter-abdominal and thoracic movement was seen. The three methods of 
artefact removal are compared diagramatically in figure 5.18. In comparison to the 
distribution of amplitudes of pressure events recorded, the effectiveness of the three 
schemes at removal of artefacts is compared. At low amplitudes, the application o f a
99
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duration filter appeared to be the most effective method of removal. When the 
amplitude increased, however, the simultaneous rejection began to become a more 
effective method of artefact removal. Furthermore, the distribution of measured 
amplitudes suggests that the majority of artefacts occur with amplitudes of less than 10 
mmHg.
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Fig 5.18 The distribution of amplitudes of artefacts and effectiveness of artefact removal schemes. The grey 
bars show the relative proportions of pressure events which were detected from the recordings with wholly 
movement artefact. The effect of applying (i) a duration filter [a], (ii) simultaneous event filter [■], and (iii) both 
[•]on the relative proportion of artefacts rejected at different amplitudes by these different filtration regimes.
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Observer comparison results
Inter-observer agreement
858 pressure events were seen in as possible contractions by one or more of the 
observers over the two traces which were studied. Of these 317 were seen in trace, 
and 541 in trace 2. Figure 5.19 indicates the degree of agreement over all o f the 
identified pressure events. The figures are subdivided into regions representing phase 
II and Phase III activity since the number and character of pressure events in these two 
phases is sufficiently different to alter the observers objective perception o f events. 
There was good agreement between observers during phase III in both traces, 93% 
and 89% of pressure events being identified ac contractions by at least 5 observers in 
traces 1 and 2 respectively. During the period of phase II, when intermittent 
contractile activity occurred, these figures were reduced to 21% and 67% respectively 
for traces 1 and 2.
Although the observers had been allowed to select their own amplitude threshold, their 
stated threshold did not correlate with the number of contractions which they identified 
(using a Spearman rank correlation coefficient; p<0.05).
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Fig 5.19 Extent of agreement of identification among observers for both phase II and phase in in Trace 1 
(above) and Trace 2 (below). The ordinate represents the total number of pressure events identified as a 
contraction by at least one of the expert observers, normalised to 100%. The abscissa denotes the number of 
observers agreeing on the classification as a contraction, of any one of the population of pressure transients.
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Intra-observer agreement
The effect o f asking the observers to re-analyse a portion of the traces six months later 
revealed a significant intra-observer variability. Tables 5.2 and 5.3 indicate this 
variation in intra-observer response for the two traces during phase II of the MMC.
Observer No of Contractions Agreement
(%)
Confidence
Interval
(95%)
Analysis
I
Analysis
2
Intersection
1 75 78 50 48.5 38.7, 58.3
2 31 32 23 57.5 41.9, 82.5
3 20 22 17 68.0 48.2, 87.8
4 38 49 35 67.3 54.3, 80.3
5 61 95 33 47.2 38.2, 56.2
! 6 38 74 33 41.8 30.7, 52.9
Computer 66 66 66 100
Table 5.2 Intra-individual observer contraction recognition and percentage agreement for trace 1.
Observer No of Contractions Agreement
(%)
Confidence 
Interval (95%)Analysis
1
Analysis
2
Intersection
1 248 261 228 80.1 75.3, 83.6
2 226 236 206 81.1 76.2, 86.0
3 278 288 253 80.8 76.3, 85.3
4 256 236 232 89.2 85.4, 93.0
5 317 295 241 77.7 73.1, 82.5
6 362 381 353 90.5 87.6, 93.4
Computer 237 237 237 100
Table 5.3 Intra-individual observer contraction recognition and percentage agreement for trace 2.
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Both the sensitivity and positive predictability for the two traces is shown in Table 5.4. 
The positive predictability is shown because it was not possible to calculate the 
specificity from the results since the observers were unable to consistently mark 
artefacts on the traces, therefore True Negative results could not be calculated. The 
sensitivity was high for both traces in both phase II and phase III. The positive 
predictability, however, fell to 37% in trace 1 during phase II. In context, only 20% of 
all events marked by any observers during this period were agreed upon by > 4 
observers. Phase II activity was the period of most indecision for the observers. In 
Trace 2, however, where many contractions with little noise occurred, the positive 
predictability remained high.
Computer sensitivity and positive predictability
Trace Sensitivity (% ) Positive Predictability (% )
Phase II Phase III Phase II Phase III
1 91 95 37 98
2 84 86 93 98
Table 5.4 Sensitivity and Positive Predictability of algorithm performance
Agreement between the algorithm and consensus opinion o f observers
Amplitude
The comparison of median amplitude estimates of all observers with those of the 
computer is given in Figure 5.19. The bias for the mean difference over the pressure 
range 0 -1 0 5  mmHg was +1.3 mmHg, indicating that the algorithm had a tendency to 
underestimate the amplitude of each pressure event by this amount with respect to the 
observers. The thickness of the pen line on the chart recorder trace which had been 
given to the observers was 0.5 mm. The scale used for the graphical record was such 
that 1 mm corresponded to 2.5 mmHg. Therefore the accuracy of observer estimates 
of the pressure must be limited to +/- 1.25 mmHg.
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Duration
The comparison of median duration estimates of all observers with those of the 
computer is given in Figure 5.20. The bias for the mean difference over the range 2-7 s 
was -0.4 s. This indicated that the algorithm had a tendency to over-estimate the 
duration of each contraction by this amount with respect to the observers. The 
precision of the observers was once again limited by the graphical record, where 1 mm 
corresponded to 1.6 s elapsed time. With the aforementioned pen width, the accuracy 
of any observer could not be greater than 0.8 s.
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Fig 5.19 Agreement between median contraction amplitude of observers and amplitude detected by the 
algorithm. All pressure events (n=565) identified by both the algorithm and > 4 observers are included in this 
analysis. CI, confidence interval.
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Fig 5.20 Agreement between median contraction duration of observers and duration detected by tlie algorithm. 
All pressure events (n=565) identified by both tlie algorithm and >4 observers are included in this analysis.
Conclusions
The use of manometry as a guide to intestinal contractile activity is, by definition, an 
indirect approach. Nevertheless, for investigation of human subjects, it is not possible 
to directly monitor smooth muscle contractions using currently available technology. 
Therefore, we must accept that any analysis of the pressure fluctuations within the 
lumen of the bowel will be an approximation to the true contractility and will be 
limited in its accuracy. Furthermore, the definition of what constitutes an ‘artefact’ 
may be oversimplifying the situation. Breathing, for example, is commonly regarded 
as an artefact in these measurements since the resulting pressure fluctuations are not 
brought about by intestinal movements. However, the position of the stomach beneath 
the diaphragm may have some functional significance in the movement of food through
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the bowel. Clearly, although breathing may not be directly controlled by the bowel, 
the passage of intestinal contents from the stomach to the duodenum (or back up the 
oesophagus) will be affected by all abdominal pressure transients.
For our purposes, we defined a ‘true’ contraction as being only phasic changes in the 
muscular tone, resulting in the temporary occlusion of the lumen of the intestine, thus 
impinging on an intraluminal manometric sensor. The possibility of subjectivity 
resulting in a wide variation in analysis using these criteria has been underlined in this 
Chapter when comparing the results of the 6 experienced observers. Even though 
these observers had many years of experience in performing similar analysis, their 
opinions differed markedly, particularly when faced with a noisy signal (as was the 
case in Trace 1). This inconsistency in observer response was even evident for the 
same observer faced with the traces six months later.
Fig 5.21 Diagram illustrating the possible method used by observers to estimate the amplitude and duration of a 
pressure event. Note that tire observers follow tire dominant edge of tire pressure peak, extrapolating this line to 
either tire baseline or tire peak, whereas the computer looks for tire points of inflection.
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On comparison with the observers, the computer performed well, but the important 
point is that the computer was, by definition, objective and repeatable. Thus it was 
able to reliably discriminate differences in contractile profiles. The slight 
overestimation of the duration of each contraction would be expected since the 
algorithm waits for the peak to reach a point of inflection at the start and finish of each 
contraction, whereas the observers would have a tendency to extrapolate towards the 
baseline from the main peak. Possibly for similar reasons, the amplitude estimated by 
the computer was less than that estimated by the observers (see Figure 5.21).
The removal of artefacts appears to be effective, where a small amount of artefact is 
present, but it is clear that where a signal with a large number of high amplitude 
artefacts is present, as in Trace 1, the distinction between ‘true’ contractions and 
artefacts is blurred.
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C h a p t e r  6  T e m p o r a l  p a t t e r n s  o f
i n t e s t i n a l  m o t i l i t y
During prolonged recording of the small bowel a series of patterns of intestinal 
contractions may be seen. These patterns commonly occur within a periodic sequence 
of phases I, II and III in the unfed gut, however the effect of a calorific meal appears to 
be to degrade this sequence, giving rise to unpredictable, yet often heightened 
contractility. Broadly, there are two independent variables involved in the description 
of temporal patterns of contractility: the times at which intestinal contractions occur 
and the force exerted by each of these contractions. It is common for investigators to 
combine these two effects to produce a "Motility Index" expressed as some 
combination o f the amplitudes and incidence of measured contractions. The aim was to 
introduce a more objective method for the analysis of such activity, based on computer 
analysis, to enable the characterisation of the precise nature of both fasted and post­
prandial contractility.
In the human proximal small intestine the maximal rate o f contraction is normally 
approximately 10-12 contractions per minute (a periodicity of 5-6 seconds). The 
history of manual analysis o f the gut has seen the scoring of easily identifiable patterns 
of pressure activity; by far the most obvious of these patterns are those of the 
contractile incidence. Hence emphasis in the past has been placed on quantifying the 
incidence of the fairly lengthy, propagating bursts of contractile activity at the maximal 
contractile frequency which normally occur at the termination of each fasting MMC 
cycle, commonly referred to as Phase III of the cycle.
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Identification of temporal motility patterns
Definitions
Electiical slow wave
The human small intestine is constantly paced by a slow wave o f electrical 
depolarization which moves aborally along the length of the intestine (Szurszewski, 
1981). Only at peaks of depolarization of this wave is it possible for a phasic 
contraction o f the smooth muscle cells to occur. This has the effect, not only of 
limiting the maximum frequency of contractions to the frequency o f this slow wave, but 
also to constrain the duration of contractions, and time intervals between contractions. 
The intervals between contractions must be multiples of the slow-wave period apart. 
Hence, if the slow-wave frequency is 10 cpm then its period, Tsw, will be 6 seconds. 
Contractions must occur at multiples of Tsw apart. If the interval between any two 
contractions is equal to Tsw then the two contractions may be considered to be adjacent 
to each other.
Fig 6.1 The relationship between the slow wave of electrical depolarization and the resulting manometric 
measurement of pressure. The trace below corresponds to a schematic of the slow wave, assumed in this case to 
be cycling at a rate of 10 cpm. The dotted lines indicate the one-to-one relationship which exists between the 
peaks of depolarization of this wave and tire possible of muscular contractions.
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This is thought to be the natural inter-digestive rhythm of the mammalian stomach and 
small intestine. It consists of a sequence of three (or four) phases of contractile activity 
and cycles through this sequence with a periodicity of approximately 90 minutes. It is 
known to be disrupted by feeding, and is altered by physiological and neurological 
factors such as mental stress and sleeping.
Phase III of the MMC
This is normally defined as a complex of repetitive intestinal contractions which are 
manifest with the same frequency as that of the electrical slow-wave. The duration of 
this complex is commonly required to be at least 2 minutes. This complex begins in the 
gastric corpus, slowly migrating aborally along the stomach and small intestine. This 
complex is thought to only occur while the gut is exhibiting fasted activity and is 
completely abolished by the response to food, along with all phases of the MMC.
Phase II of the MMC
This is a poorly defined period o f fasted intestinal activity which is commonly thought 
to occur between Phase III complexes. In the proximal small bowel it consists of a 
sequence of apparently random contractile episodes with an incidence of at least 3 
contractions every 10 minutes. Typically the duration of Phase II activity would be 
about 60 minutes during waking hours and 30 minutes while asleep.
Phase I of the MMC
This is a period of fasted activity where very few, if any, contractions may be seen. It 
is thought to follow Phase III activity, however it may, at times, be absent.
M ig ra tin g  M otor C om plex (M M C)
I l l
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Fig 6.2 Graph illustrating the frequency distribution of a typical 24 hour recording from tliree channels sites in 
the human small bowel. The central record corresponds to a sensor positioned at the duodeno-jejunal junction, or 
D-J flexure and the records above and below this correspond to positions 150 mm proximal and distal to this 
point respectively. The frequency of contractions recognized by the computer program is indicated for each 
channel plotted against the time in minutes into the recording. Note the regular pattern of > 10 cpm activity 
which can be seen in all channels particularly dunng the nocturnal period of the trace.
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Fig 6.3 Example of a Phase IH complex seen in tlie human small bowel Note tlie fluctuations in measured 
amplitude of the contractions, where amplitude is indicated in tlie y-axis as mniHg. Tlie trace indicates three 
recordings centered at tlie junction of the duodenum and jejunum, with sites 150 mm proximal and distal to this 
point. Contractions below 10 mmHg would not be identified by Hie program thus reducing the apparent 
frequency of contractions.
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Thought by some to be a short phase of activity following Phase III complexes. It is 
manifest as a short period of apparently random contractions lasting for a few minutes. 
No clear relationship has been shown between the characteristics of Phase IV activity 
and underlying physiology and it is thought to be a byproduct of Phase III activity 
rather than a distinct phase of its own.
Contractile Incidence
The contractile incidence is defined as the number of contractions to occur in an 
interval per unit time. Commonly this is expressed as contractions per minute (cpm). 
This is different from the frequency of contractions since frequency may be confused 
with the frequency of the underlying slow wave which is believed to be constant for 
any individual at any specific site in the small bowel.
Clusters
In some cases a short burst of contractions (less than one minute duration) at the 
maximal frequency, similar to Phase Ills, is seen during Phase II or during post­
prandial activity; these are commonly referred to as clusters o f contractions (or minute 
rhythms). They may be further subdivided into propagated and non-propagated 
clusters. The definition of clusters is three or more contractions occurring with a 
periodicity of the slow wave, lasting no more than 60 seconds, preceded and 
superseded by a period of at least 30 seconds of quiescence in total.
P hase IV  o f  the M M C
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Fig 6.4 Short period of trace containing five sequential clusters of contractions. The duration of each cluster is 
measured from the start of its first contraction to the termination of its final contraction. Between each cluster of 
contractions a short quiescence period is required where no contractions are detected.
The Interdigestive M igrating M otor Complex
Phase III identification
The data derived from the identification of individual intestinal contractions was used 
for the further identification of the different phases of the MMC cycle. The standard 
definition of a Phase III episode was taken to be a period of at least 2.5 minutes 
containing contractions at the maximal frequency, which, for the proximal small bowel, 
is approximately 12 cpm. Figure 6.3 demonstrates a common problem associated with 
the identification of Phase III complexes. Although the maximal frequency is reached, 
and sustained for a sufficient period of time, not all contractions may be detected by 
the program since some of the contractions fall short of the minimum amplitude 
detection threshold, which had been set to 10 mmHg (see Chapter 5) to reduce the 
respiratory effect and minor movement artifacts. For this reason, it is not appropriate 
simply to estimate the frequency of contractions by finding the number of detected 
contractions per unit time.
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Fig 6.5 Schematic illustration of tlie dynamic array of events used to identify tlie onset and termination of a 
Phase IH complex. A 21 elemental array of long integers is used to store tlie time, represented by sampled value 
into tlie recording, of each recognized contractile episode. This sequential representation of events is gradually 
moved along each data-file of recognized contractions. At each step, tlie time between tlie 1st and 21st 
contraction must be no longer than 2.5 minutes for a Phase III to be flagged as possible.
A minimum number of 21 contractions was defined as the lower limit for the number of 
contractions which might constitute a Phase III. This was an arbitrary value, based on 
the accepted standards for the definition o f Phase III activity, although no published 
standard yet exists. In order to identify Phase III activity each channel was analyzed in 
turn, continuously comparing sequential blocks of 21 contractions (Fig 6.5). The times 
of the first 21 contractions were stored in an array, called CT, and their temporal 
relationship to each other considered. The array (CT) of 21 contractile events was 
progressively panned across the recognized contractile data (Fig 6.6).
By defining a new, Boolean array containing 20 elements, called X ntervalStatus, 
corresponding to the time intervals between each of the contraction times in CT,
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Interval_Status[n] = 1 if CT[n+l]-CT[n] < 1.5TSW 
Interval status[n] = 0 if CT[n+l]-CT[n] > 1.5TSW
an In te rv a lS co re , IS may be derived as the sum of all Interval Status values.
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For a Phase III to be flagged a POSSIBLE:
CT[20] - CT[0] < 20 x 1.5TSW A series of 21 consecutive contractions are identified 
with a mean interval of less than 1.5TSW.
CT[1] - CT[0] < 1.5TSW 
CT[2] - CT[11 < 1.5TSW
The first three contractions must have an interval of 
less than 1.5TSW.
For a Phase III to be flagged as <OCCURRING:
Phase 111 = POSSIBLE Phase III must be flagged as POSSIBLE
IS > 15 At least 15 of the 20 contraction intervals must be 
less than or equal to 1.5TSW
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Fig 6.6 Flow chart illustrating the Phase DI identification algorithm
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Subsequently, the number of inter-contractile intervals > 1.5TSW (9 seconds) was 
counted to give an interval score, IS (Eq 6.1) and if no such intervals occurred 
between the first three contractions and fewer than 5 such intervals occurred between 
the remaining 18 then the first contraction was flagged as the beginning of a Phase III. 
The array was then moved progressively through the data until either more than 5 
intervals > 1.5TSW occurred or the mean interval between the contractions in CT[0] to 
CT[20] became > 1.5TSW. At this point the 20th contraction was flagged as being the 
last possible contraction o f the Phase III. The termination point of the Phase III was 
then determined by working backwards through CT fi*om CT[20] to find the first 
interval less than 1.5TSW. A file was created for each channel containing all o f the start 
and end times of the Phase III episodes identified by the program. Hence, for three 
channels o f data, three files were produced of variable length, dependent on the 
number of these episodes.
Phase I  and II identification
We defined Phase II activity as an activity front, following a Phase III, initiated by a 
period of at least three contractions in ten minutes. Due to the possible gradual 
damping down of Phase III activity before complete termination (sometimes known as 
Phase IV), a short period of time is permitted between the end of Phase III and the 
subsequent onset of the next Phase II. After examining 21 successive contractions 
after Phase III, if no such quiescent period is seen, then the onset o f Phase II is taken 
to occur at the termination point of the previous Phase III, thus no Phase I is recorded. 
As with the timing of Phase III, the recognized Phase II periods are saved in separate 
files for each channel.
Validation of Phase III detection program
Protocol
24 hour ambulatory pressure recordings were carried out in 3 healthy male subjects 
(median age 31 years; range 22-45 years). Analogue records were played back onto a
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Gould y-t chart recorder set so that a distance of 10mm corresponded to an elapsed 
time of 60 s and 25 mm corresponded to a pressure change of 100 mmHg. These 
records were sent to the six experienced observers for analysis, broken up into 30 min 
sections of trace. For each section the observers were asked to identify any Phase HI 
activity which might be present, marking the onset and termination o f this activity in 
each individual channel. Each observer was sent the criteria which had to be met for 
the identification of a Phase III to encourage consistency. This stated that a Phase III 
episode was defined as the presence of at least two minutes of uninterrupted phasic 
activity at the expected slow wave frequency (10 - 13 m in!).
All signals were also reviewed using the computer program to identify all Phase III 
activity as described above. The computer identification was thus compared to that o f 
the six observers.
Results
104 bursts of phasic activity were marked as possible Phase Ills by one or more of the 
observers with 103 of these episodes identified by all six observers. The remaining 
episode was marked as a Phase III by four of the six observers. The program 
identified all 104 of these episodes plus one more additional episode which had not 
been selected by any of the observers. The agreement between the program and the 
consensus of the six observers is shown in figure 6.7. The bias for the mean difference 
over a duration of 2 - 8.5 min was +0.06 min, indicating that the algorithm had a 
tendency to underestimate the duration by this amount. The 95% confidence interval 
incorporates zero showing that there was no significant difference found between the 
two measures. The majority of the data points fell within the limits of agreement ( - 
2SD: -0.94, +2SD: +1.06), indicating a very good agreement between the two 
methods.
120
- Temporal patterns of intestinal motility -
Average duration by O bserver and Computer (s)
Fig 6.7 Agreement between median duration of Phase IH of observers and duration detected by the algorithm. 
All Phase III events (n=103) identified by both algorithm and > 4 observers are included in this analysis.
Post-prandial motility patterns and their relationship to Phase II
Patterns of contractions
The patterns of contractility during Phase II and post-prandial activity appear to be by 
far the most complex, and hence least well defined, however the normal bowel exhibits 
predominantly this type of activity during waking hours. An accurate definition of 
normal gut physiology in this respect is therefore of great importance. Aside from the 
identification of individual contractile events, investigators have endeavored to define
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patterns of contractions which enable delineation between different physiological states 
and disease from normal.
Contractile incidence
This was calculated using the identified contractions resulting from the program which 
was outlined in Chapter 5. The contraction incidence never exceeded the underlying 
slow wave frequency.
Cluster detection
In practice many clusters contain contractions which fall below 10 mmHg and are only 
normally identified by observers within the context of the surrounding contractile 
activity, with a high degree of observer variability. To obtain a more rigorous 
definition of clusters the amplitude threshold had first to be reduced to 3 mmHg and 
then compensated by reducing the required quiescence period to 20 seconds.
The details of each cluster identified are saved in a similar form to that of the 
contractions, described in Chapter 5, however in this case the mean amplitude of 
contractions in each cluster is saved. Therefore, the structure which is saved to disk for 
each identified cluster contains: mean amplitude of contractions, time of mid-point, 
area under the curve and the duration (stored as unsigned char, long int, float and int 
respectively). Figure 6.8 illustrates the logic implemented in the identification of 
clusters.
Validation of cluster detection program
Protocol
A 240 min recording, containing numerous clusters was selected. An analogue record 
was produced as described before on a y-t chart recorder, with 10 mm corresponding 
to a time period of 60 s and 25 mm corresponding to a pressure change o f 100 mmHg.
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This trace was sent to 6 experienced observers and who were asked to mark all 
clusters which occurred on this trace, indicating the time and duration of each cluster. 
The same trace was analysed by the computer program described above, storing the 
information relating to the time and duration of each cluster of contractions.
Results
One observer marked only groups o f clusters, rather than marking each individual 
cluster of contractions. For this reason only five sets of observer results were available 
for comparison with the computer. The observer consensus was therefore adjusted 
such that it corresponded to the agreement of > 4 observers. 94 bursts of contractions 
were identified as clusters by one or more of the observers. There was poor agreement 
between the observers, with 66% of all marked events being identified by > 4 
observers. A comparison of the computer program indicated a sensitivity of the 
program of 90.1% (57 true positive results) with a positive predictability o f 88.7%. (8 
false positive results).
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Fig 6.8 Flow chart illustrating the algorithm for the identification of clusters of contractions in the small bowel.
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Description
The current understanding of the mechanisms which decide the ultimate occurrence of 
a contractile episode are little understood. The process is thought to be regulated 
within the myenteric plexus, providing a local logic circuit which is pre-programmed to 
respond to a multiple array of stimuli. This plexus operates at the neuro-muscular 
level, sending and receiving messages to and from the rest of the gut, and the central 
nervous system.
A cluster of contractions may be considered to be analogous to a collection of 
contractions which have clumped, or aggregated into groups, leaving intervals between 
these groups where no contractions are seen. An adjacent contraction may be defined 
as a contraction which occurs one period of the underlying slow wave after a prior 
contraction.
A model for the temporal occurrence of contractions
A simple statistical model was developed for this project which allowed for the 
generation of a variable number of contractile episodes within a hypothetical period of 
time. In this situation the slow wave was defined as being a constant wave, with a 
periodicity of 10 cpm. Therefore, for a period of 100 minutes, 1,000 successive time 
bins at which a single contraction may occur existed. A computer programme was 
written, using pseudo-random numbers between 0 and 1,000, using the randomise 
function of Borland C. Each of these numbers corresponded to the position o f a 
conceptual ‘contraction’. The total number of ‘contractions’ produced was 
controllable by a command line argument. Furthermore, an aggregation factor was 
introduced into the programme design so the probability of each ‘contraction’ being in 
an adjacent bin to another ‘contraction’ could be controlled. This involved the 
generation of a second randomly generated number (between 0-100) with a pre-set 
value of aggregation factor (between 0 and 1). If the randomly generated number fell
Examination of the inter-contraction interval
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below the aggregation factor, the new ‘contraction’ would be placed adjacent to the 
previously generated contraction, otherwise it would be randomly positioned. 
Therefore, with an aggregation factor of unity all contractions would be placed 
adjacent to each other.
Results
Figure 6.9 indicates the results of this simple model. Firstly, the effect of a purely 
random distribution of contractions falling within the 100 minute time period was to 
produce a linear distribution as a function of frequency. As the frequency of 
‘contractions’ increased from 0 to 10 cpm the proportion of adjacent ‘contractions’ 
also rose in a directly proportional manner. Introduction of the aggregation factor at a 
level of 0.25, 0.50 and 0.75 produced progressively higher proportions of adjacent 
contractions at low contraction frequencies.
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Fig 6.9 Results of modelling the effect of randomly placing ‘contractions witiiin a sequential matrix of 1000 
equally spaced time epochs. The higher contractile incidence always produces progressively greater proportions 
of adjacent contractions. The introduction of an aggregation factor to the generation of contractions gave rise to 
ail increase in the proportion of adjacent ‘contractions’ at lower contractile indices.
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Derivation of Psw
From this initial model o f aggregation of contractions, in the simplest case there is a 
direct proportionality o f the proportion of contractions which fall adjacent to each 
other and the underlying contraction incidence, calculated as the number of 
contractions per unit time. If we consider this frequency relationship as the first order 
frequency response of the system, normalising the proportion of contractions by the 
underlying contraction incidence would be expected to remove any first order 
frequency dependence. This leaves a possible secondary dependence which may show 
inter- and intra- subject variability.
C[total] = total number of contractions,
C[adjacent] = number of adjacent contractions, 
fsw = slow wave frequency (cpm),
f  = contraction frequency (cpm).
fsu „  qad jacen t] g 2
™ f  Q total]
Application of this equation to the data obtained from the previously random model 
shows a Psw value of 1 if only random factors are exerted on the contractile profiles. If 
an aggregation tendency is present then the Psw increases, particularly at low 
frequencies (Fig 6.10).
Therefore, the model of the contractile distribution within a trace would predict that, if 
no tendency to aggregate is inherent in the mechanisms which bring about intestinal 
contractions, Psw would have a constant value equal to 1. The constraints o f the 
definition are such that at high contractile incidences the values of Psw will fall closest 
to 1 since more random aggregates of contractions will be present.
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C o n t r a c t i l e  f r e q u e n c y  ( c p m )
Fig 6.10 The results of converting tire values shown in Fig 6.9 into values of PSw Here tire same data is plotted 
as with tire previous graph, however tire data has been normalised with respect to the first order frequency 
dependence. Note that when no tendency to aggregate is applied to the data the Psw remains at 1 at all contractile 
incidences. This indicates that a Psw of 1 corresponds to a temporally random contractile distribution.
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Normal Temporal M otility Patterns In Man
Protocol
16 normal healthy male subjects underwent prolonged 24 hour ambulatory monitoring. 
A three sensor catheter was introduced per-nasally or per-orally with the aid of 
fluoroscopic screening as described in chapter 4. Recording was commenced at 12:00 
on day 1 with two meals given at 13:00 (Meal 1) and 19:00 (Meal 2). The procedure 
for recording was as described in chapter 4.
Meal Time Description Energy
(kCal)
Lunch
Dinner
13:00
19:00
Sandwich
Crisps
Apple
Bowl of cream of tomato soup 
2 x Digestive biscuits 
Baked potato + butter
650
900
Table 6.1 Detail of the meals consumed by the volunteers.
After 24 hours of recording, the data from all subjects was transferred to a PC for 
analysis as described earlier. The identification of individual contractions allowed for 
the derivation of the contraction incidence, cluster incidence and Psw value. This data 
was examined in two ways.
Analysis
The effect of meals
The variation in all of these values with time during the two meal periods was 
examined by sub-dividing the post-prandial period into 30 minute bins for the five 
hours immediately following the initial ingestion of each of the meals.
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Overall patterns of contractile incidence, cluster incidence and Psw over a 24h period 
The overall values of contraction and cluster incidence, and Psw which could be 
calculated over the entire 24 hour period of the study provided an indication as to the 
inter-subject variability of normal subjects of these parameters.
Results
The effects of meals
Figures 6.11, 6.12 and 6.13 indicate the variation in contraction incidence, cluster 
incidence and Psw respectively for the two meals. All three parameters displayed 
significant differences during the five hours immediately following each meal. In all 
cases the mean values for each subject over the 120 minutes prior to the meal were 
compared with the paired values for each of the subsequent 30 minute data bins.
A Wilcoxon matched pairs, signed ranks two tailed test was used to produced an 
indication of the effect of each of the meals on the three parameters o f interest. The 
contractile incidence rose significantly on ingestion of the meal, returning to the 
original level within five hours. Equally, the cluster incidence rose following each meal 
again falling to the fasted level within five hours of the meal. Psw, conversely, 
demonstrated a significant decrease following the meal which was sustained for longer 
than either contraction or cluster incidence. The Psw did revert to its fasted level, 
however the time required for this to occur appeared to exceed the five hour limit.
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11:30 13:30 15:30 17:30 19:30 21:30 23:30
R e a l - t i m e  ( h o u r s : m i n u t e s )
Fig 6.11 Box and whisker representation of the effect of two meals on tlie contraction incidence of 16 healthy 
subjects. Tlie central lines indicate the medians, tlie upper and lower limits of the boxes correspond to the 75th 
and 25th centile and tlie extreme lines correspond to the 95 and 5th centile values. Each of the box and whiskers 
represent sequential epochs of 30 minutes. Tlie greyed area indicates the post-prandial period in contrast with 
the preliminary fasted period.
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11:30 13:30 15:30 17:30 19:30 21:30 23:30
R e a l - t i m e  ( h o u r s : m i n u t e s )
Fig 6.12 Box and whisker representation of the effect of two meals on the cluster incidence of 16 healthy 
subjects. The central lines indicate the medians, the upper and lower limits of the boxes correspond to the 75th 
and 25th centile and the extreme lines correspond to the 95 and 5th centile values. Each of the box and whiskers 
represent sequential epochs of 30 minutes. The greyed area indicates the post-prandial period in contrast with 
the preliminary fasted period.
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11:30 13:30 15:30 17:30 19:30 21:30 23:30
R e a l - t i m e  ( h o u r s : m i n u t e s )
Fig 6.13 Box and whisker representation of the effect of two meals on the Psw of 16 healthy subjects. The central 
lines indicate the medians, the upper and lower limits of the boxes correspond to tire 75th and 25th centile and 
the extreme lines correspond to the 95 and 5th centile values. Each of the box and whiskers represent sequential 
epochs of 30 minutes. Tire greyed area indicates the post-prandial period in contrast with the preliminary fasted 
period.
134
- Temporal patterns of intestinal motility -
J
a>J3
ca>
V
(/)(D
T3O0
'q.0
00
ca
0.08
0.06
0.04
0.02
0.00
0.10
0.08
0.06
0.04
0.02
0.00
0.10
0.08
0.06
0.04
0.02
0.00
6
3
0
0.10 M eal 1 IVeal 2 Contraction frequency
C luster frequency
Psw
- . 1  juUL
0 100 200 300 400 500 600 700
T im e (min)
Fig 6.14 The results of applying a Wilcoxon matched pairs signed rank test to the post prandial data shown in 
Figures 6.9 - 6.11. Using a significance level of p<0.05 indicates that all three parameters (contraction 
incidence, cluster incidence and Psw) are affected by ingestion of both meals.
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The Wilcoxon paired tests were performed by comparing sequential 30 minute bins of 
data with the mean values for each subject taken from the four hour period prior to the 
meals. Figure 6.14 shows the results of this calculation for contraction incidence, 
cluster incidence and Psw values. The dotted line in each of the plots shows the 
significance level (p<0.05) which was chosen to test the null hypothesis that there was 
no significant difference between the fasted level and the post-prandial levels. This 
form of graph provides an indication of the sustained effect of meals on each of these 
parameters. Note that the contractile incidence was the parameter which reverted back 
to its original level first, followed by the cluster incidence and then the Psw. 
Therefore, the Psw indicated that the gut remained affected by the meals over an hour 
after the contractile incidence has normalised.
The final graph in figure 6.14 indicates the distribution of times of the first Phase III 
episodes to occur following the meals in these subjects. Note that by the time the Psw 
values had normalised to their pre-meal levels many of the subjects had already 
generated a Phase III episode. With Meal 1 eight of the subjects had generated a 
Phase III within five hours of its ingestion, all sixteen subjects generated a Phase III 
episode within 7.5 hours of its ingestion. In other words, many of the subjects would, 
by definition, have reverted to a fasted pattern even though there was evidence that the 
underlying temporal patterns indicate that the bowel was still under the influence of the 
meals.
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Overall patterns of contractile incidence, cluster incidence and Psw over a 2 4h period 
Table 6.2 indicates the median, inter-quartile range of these parameters as measured 
over a 24 hour period. In addition, Fig 6.15 demonstrates that there is a relationship 
between the frequency, or incidence of contractions, and the calculated Psw value. This 
is what was referred to earlier as the secondary frequency dependence of the Psw 
calculation. The effect of increasing the tendency to aggregate is seen more 
dramatically at low contractile incidences.
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Parameter Median Inter-quartile range
Contraction incidence (cpm) 2.25 1.8-2.8
Cluster incidence (cpm) 0.14 0.11 -0.17
p1 S W 2.3 1.75-2.8
Table 6.2 Temporal motility parameters in normal subjects. The results of calculating tlie contraction incidence, 
cluster incidence and Psw for 16 healthy subjects.
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C o n t r a c t i o n  i n c i d e n c e  ( c p m )
Fig 6.15 Secondary frequency dependence of Psw. The graph indicates the spread of Psw values derived from 
normal subjects over 24 hours of recording. Each value is plotted against the contractile incidence for that period 
and demonstrates the similarity between the model of inter-contractile separation (Fig 6.10) and the real values 
recorded form normal controls.
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Temporal Patterns in Health and Disease
Data from the 16 normal subjects above was used to compare with that derived from 
three distinct patient groups.
Protocol
Patient groups
The three groups chosen were:
• 7 patients diagnosed with Chagas Disease, caused by a protozoan, Trypanozoma 
Cruzi, which affects the myenteric plexus o f the gut, giving rise to impaired intestinal 
motility. This is almost exclusively seen in Brazil, linked to the bite of an indigenous 
beetle. Most motility disorders which have been reported to date have involved the 
oesophagus or rectum, as in mega-oesophagus or mega-colon, where the organ in 
question is significantly distended, producing a significant loss of tone, thus reducing 
transit. Little is known about its effects on the small bowel. These patients had no 
confirmed obstructive disorder.
•  10 patients with quadriplegia due to spinal cord lesions. These patients had reported 
defaecatory problems but with no recognised intestinal obstruction.
• 14 patients who had been referred with suspected intestinal pseudo-obstruction.
Manometric recording and analysis
All patients underwent 24 hour ambulatory manometric recording as described earlier. 
They were free to eat ad libitum. All studies were analysed by the small bowel analysis 
software described earlier. For the full 24 hours of recording contraction incidence, 
cluster incidence and Psw were calculated. Comparisons were made between 16 
normal controls and the three patient groups.
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Statistics
A  Wilcoxon non-parametric, unpaired test was used in all of the following statistical 
tests.
Contraction incidence
No significant difference was observed between the normal groups and those of 
Chagas’ disease, spinal injury or suspected pseudo-obstruction. The contractile 
incidence in all cases showed a wide inter-subject variability , ranging from about 1.5 
to 3.3 cpm in the normal subjects (Figure 6.16).
Cluster incidence
No significant difference was observed between the normal groups and those of 
Chasas’ disease, spinal injury or suspected pseudo-obstruction. The contractile 
incidence in all cases showed a wide inter-subject variability , ranging from about 1.0 
to 1.7 cpm in the normal subjects (Figure 6.17).
Psw Score
No significant difference was observed between the normal groups and those of 
Chasas’ disease or spinal injury. There was, however, a statistically significant 
difference (p=0.03) seen between the suspected pseudo-obstruction group and the 
normal controls. The contractile incidence in all cases showed a wide inter-subject 
variability, ranging from about 1.8 to 3.3 in the normal subjects (Figure 6.18).
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Fig 6.16 Variation in contractile incidence for the three patient groups as compared to a selection of 16 normal 
subjects. The Box-and whisker plot indicates the median, interquartile and, 5th and 95th centile values with the 
total number of subjects in each group indicated below the corresponding plot.
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Fig 6.17 Variation in cluster incidence for the three patient groups as compared to a selection of 16 normal 
subjects. The Box-and whisker plot indicates the median, interquartile and, 5th and 95th centile values with the 
total number of subjects in each group indicated above the corresponding plot.
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Fig 6.18 Variation in Psw for tlie three patient groups as compared to a selection of 16 normal subjects. The Box- 
and whisker plot indicates the median, interquartile and, 5th and 95th centile values with the total number of 
subjects in each group indicated above the corresponding plot. Note tlie significant difference seen between the 
suspected pseudo-obstruction group and the normal controls.
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Measurements of contractility, which are almost universally performed using point 
sensors, are normally by definition temporal. That is to say, if they are performed at a 
fixed point, the information which is obtained may be considered to be a time series. 
This is not necessarily the case if the site o f measurement is allowed to move relative to 
the wall of the gut or if multiple sites are used, and this will be discussed in Chapter 7. 
The information obtained from these ambulatory studies is primarily temporal in nature 
although the activity of the bowel should be considered in a holistic manner, where 
spatial components must be significant in the determination of peristaltic activity. 
Indeed, although the word ‘peristalsis’ itself means literally surrounding compression, 
it has often been used to describe the active transfer of contents along the bowel. 
Nevertheless, the periodic temporal changes which may be seen in the gut, particularly 
in the distal stomach and small bowel, have provided investigators with a clear pattern 
o f contractions during fasted motor activity.
The Interdigestive Migrating Motor Complex (IMMC) has been by far the most 
commonly studied feature of human small bowel motility, with investigators reporting 
the relative durations of the three (or four) constituent phases, the velocity of 
migration of Phase III, and the variability of all o f these values during sleep, stress and 
a variety of different pharmaceutical challenges. The IMMC has proved simple to 
identify, although open to a degree of subjectivity. The pattern Phase III activity, 
which is normally simple to identify, can be more ambiguous.
C o n c l u s i o n s
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The use o f a computerised system of Phase III identification is envisaged as an aid for 
the investigator to classify the activity which is present using a standardised system. 
The investigator is still seen as having overall control in the classification o f traces. 
This is because the patterns of Phase I, II, III (and IV) are still not fully understood in 
their physiological role. Attempting to rigidly define them is difficult since we are still 
in the process of accumulating information relating to their variability. This is clear 
when one considers Phase IV which is not universally accepted as a distinct phase of 
the IMMC. Many investigators consider that Phase IV is simply a diminution of Phase 
III activity and is thus not an active phase of any significance. Furthermore, the debate 
into the definition of Phase II is still not resolved: some investigators insist that Phase 
II occurs sequentially after Phase I and before Phase III, however there are times when 
Phase I-lilce activity may be seen following a section of Phase II. Is this Phase I or 
Phase II? In this environment computer programmes cannot resolve the debate alone. 
The role of computers in the temporal classification must be to rapidly provide 
fundamental values reliably to the investigators so that they may develop an accurate 
Imowledge of the range of motility which might be seen within the human bowel. This 
is the basis for the development of the Psw estimation.
The Psw value can be calculated using the results of any programme which identifies 
contractions. The value expresses the temporal order of the contractile activity, 
normalised for first order frequency effects. As has been shown, the possibility of 
secondary frequency dependence does exist, and the rudimentary analysis which has 
been demonstrated would need to be modified to take into account the effects of the 
contractile incidence. As it stands, however, the calculation of Psw does provide a
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meaningful value which may help to explain the complex neuro-physiology of the 
enteric nervous system.
By applying Psw calculations to the post-prandial period in healthy volunteers an 
interesting pattern was revealed. The Psw did not revert to its fasted level at the same 
time as the contractile incidence or cluster incidence. There appeared to be a delay of 
about 1-2 hours. This may well explain the common observation that the first MMC 
following the termination of fed activity may be different to ‘normal’ inter-digestive 
activity. Until now the only clear guide to the demarcation between fed and fasted 
activity has been the onset of the first Phase III complex, or debatably the change in 
contraction incidence. The Psw calculation, however, may provide a new marker of the 
effect of fed activity. It may also provide a useful model for further work relating to 
the understanding of the post-prandial pattern. It is interesting to note that during this 
fed activity the Psw consistently falls to nearly unity. This indicates that the temporal 
patterns become more random during feeding and appear to be significantly different 
from normal Phase II activity which appears to exhibit more ordered contraction 
patterns.
The results using Psw calculations for the analysis of patient data is still more 
encouraging. In this case the spinal injury patient group may be considered to be a 
control group since there is no evidence to support any suggestion of impaired small 
bowel motility in these patients. The overall view of temporal contraction patterns, an 
objective approach, with no element of human subjectivity, showed a statistically 
significant difference between the patient group which had been studied with suspected
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pseudo-obstruction and all other groups. This group almost certainly comprises a 
heterogeneous sample of different pathologies, since pseudo-obstruction itself is not so 
much a diagnosis but a presentation. This makes it even more surprising that the Psw 
calculation was able to show this difference. Essentially, the implication of this finding 
is that this patient group contained contractions which were temporally arranged in a 
more random order than would be expected in normal subjects. The activity which 
they appeared to exhibit bears similarities to that which would be seen in normal 
subjects following a high calorific meal.
The Chagas’ disease patient group did not show this difference, although Chagas’ 
disease would be expected to cause a form of pseudo-obstruction. This may be due to 
the site at which this disease was acting. The Chagasic patients were diagnosed as 
showing either mega-colon or mega-oesophagus, which is a significantly distended 
colon or oesophagus due to lack of muscle tone. No small bowel motor abnormalities 
had been directly suggested on examination. Alternatively, it is possible that an 
increase in the number of Chagasic patient may show similar difference, since at the 
time of study only 7 patients had been successfully investigated.
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C h a p t e r  7  S p a t i a l  c o - o r d i n a t i o n  o f
t h e  s m a l l  i n t e s t i n e
Introduction
Peristalsis
The term ‘peristalsis’ has been mentioned in previous chapters, however its primary 
significance relates to the spatial co-ordination of the intestine. The term peristalsis 
was first coined by Bayliss and Starling in 1899 (Bayliss & Starling, 1899) as a reflex 
activity involving an aborad sequence of intestinal contractions in response to the 
stimulus o f food. Later Cannon (Cannon, 1902) proposed that this cascade of 
peristaltic contractions was not merely a response, but was indeed the vehicle for 
transmission of chyme aborally along the intestine. There is support for both these 
views, since peristalsis is essential for the transport of lumenal content, but peristalsis 
also occurs in the fasting state. In the oesophagus, where contractions are infrequent 
and of high amplitude relative to background noise and usually propagate along the 
entire length of the organ, peristalsis can be inferred reliably from the contractile 
sequence at two points, and a number of automated analysis programs already exist; 
either for on-line analysis of short term laboratory investigations (Castell et al, 1984) or 
later post-processing of oesophageal pressure recordings (Breedijk et al, 1989; 
Janssens et al, 1986). In the intact human gut, the detection of the events at a single 
locus that constitute peristalsis can be achieved by a combination of imaging and 
intraluminal measurement (Freidman et al, 1965), but the detection of the contractile 
events that signify peristaltic activity over a significant length of gut presents problems, 
involving the inference of propagation from the pattern of events recorded from a 
sequence of intraluminal sensors.
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In contrast to the case in the oesophagus, deduction of propagation from events 
detected at two sensors spaced at a distance in the small bowel is not a simple matter. 
In both the canine (Summers & Dusdieker, 1981) and human (Sarna et al, 1989) small 
bowel the distance along which contractions propagate is variable, with many only 
travelling a few millimetres before terminating. The velocity o f such contractions is not 
constant, varying between 1 3 - 21  mm/s (Fleckenstein, 1978; Summers et al, 1983). In 
addition to contractions of the circular muscle, the longitudinal muscle of the small 
bowel has a concertina-like action (Hirsch et al, 1956) that may confound the 
measurement of distance - and hence the velocity of propagated peristalsis - between 
sensors that are not attached to the gut wall. However, in the small bowel, the 
incidence of contractions is characterised by fundamental periodicity; the initiation and 
propagation of peristaltic contractions are governed by the 'slow wave' of electrical 
depolarisation, recurring with a frequency of 10-12 cycles/min in the duodenum falling 
to 7 cycles/min in the terminal ileum (Diamant & Bortoff, 1969). Only during the 
passage of the slow wave, during the depolarisation of the smooth muscle membrane 
potential, can a contraction occur; thus there is a fundamental pacesetter frequency 
which underlies the complex patterns of contractions. It is this periodicity that has 
been used to relate events occurring at spatially separated loci.
Most of what is currently known about the nature of contractile propagation in the 
small bowel comes from animal models, most notably canine. Either electrodes or strain 
gauges have been sutured to the serosal surface of the gut at fixed distances to detect 
motor events, or their electrical correlates, at sequential sites. Schemann et al 
(Schemann et al, 1986) developed a ‘peak-picker’ algorithm for the analysis of 
intestinal contractions recorded from implanted strain gauges in dogs, so as to relate 
the measured transit rate of a lumenal bolus to peristaltic activity. Using this approach 
Siegle et al (Siegle et al, 1990) found that the mean propagation velocity reached a
Propagation of single contractions
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maximum in the distal duodenum and then declined in an apparently exponential fashion 
along the jejunum, reaching a minimum in the ileum. These investigators emphasised 
the importance of accurately estimating the expected propagation velocities and defined 
limits for the spacing between sensors based on a knowledge of the expected inter- 
contractile intervals and the range of expected velocities at any point. They also stated 
that the distribution of time differences of propagated events between two transducers 
must be located between the basal inter-contractile interval.
However, conditions that are possible in animal models may not be practicable in 
human diagnostic studies. Diagnostic evaluation of human small bowel motility requires 
not only prolonged recording in order to detect the response to normal diurnal meals 
and nocturnal fasting motility (Wingate, 1992), but also an adequate span (>100 mm) 
of sensors to measure the propagation of the migrating motor complex (MMC).
M igration of Phase III
This poses a clear dilemma, since the recording of MMC propagation rate is regarded 
as an important indicator of the nervous integrity of the bowel. With these constraints, 
there is a conflict between recording over adequate lengths of the gut and the spacing 
of sensors at intervals that are short enough to allow the detection of propagated 
peristalsis.
Com putational approach
Aside from the relatively short range of propagated contractions in the small bowel, the 
contribution of movement artefacts and poor spatial resolution may reduce the validity 
of such estimates where a wide separations between measuring sites is employed. 
Manual analysis of such data is laborious, inconsistent and inaccurate. Computerised 
analysis is preferable; previous systems for this purpose have been designed for the 
analysis of recordings from multiple closely-spaced sensors over relatively short periods 
o f time (Engstrom et al, 1985; Schemann et al 1985), and it is only recently that
1 5 0
- Spatial co-ordination of tlie small intestine -
programmes have been developed for the analysis of prolonged recordings from a 
limited number of sensors in the human small intestine (Schmidt et al, 1992; Benson et 
al, 1992; Waldron et al, 1992).
Methods
Contraction propagation detection program
The requirements o f the program were that it should be able to be able to correctly 
relate contractions which had been recorded at different sites along the small bowel, 
thus identifying peristaltic episodes and differentiating these from local contractile 
activity. This was to be applied to data recorded from a number of adjacent recording 
sites, allowing for the correct assessment of the temporal association of contractions 
which are observed at more than one of these adjacent sites. The identification of these 
point to point relationships was achieved by implementing a form of velocity 
windowing as described in figure 7.2.
Figure 7.1 Propagated events are classified into types with respect to the sites are which they have been 
identified, hi this illustration types I, II, and IH are indicated.
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Figure 7.2 The theoretical constraints which apply when using a fixed velocity window for the identification of 
propagated contractions in the small bowel. The two triangles represent two adjacent contractions occurring at 
one locus. Their separation is equivalent to the period of the slow wave. A fixed velocity window will result in a 
variable time window as can be seen by the two solid lines which radiate out from the foot of the first contraction. 
In order for a contraction to be accurately associated with one which has occurred at an adjacent site the width of 
the time window at that point should not exceed the slow wave period.
If n channels of pressure data were acquired, then the algorithm begins by assigning the 
first channel as the ‘prototype5 channel. The individual contractions of this channel 
were cross-referenced with its distally adjacent channel using pre-defined values of vmin 
and vmax. If an adjacent channel contained a contraction which fell within this velocity 
window then this contraction became the ‘prototype’ and the next distally adjacent 
channel became the ‘image’.
15 2
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F igure 7.3 Flow diagram illustrating the steps taken in examination of individual peaks with respect to 
propagated components. The ‘prototype’ referred to is tire first occurrence of a peak which may be followed by 
subsequent successive ‘images’ at neighbouring sites distal to this point.
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Once all contractions in channel 1 had been assessed in this way an index of all 
propagated contractions starting at this channel were stored to disk. Subsequently, the 
‘prototype’ channel was moved aborally to the next site and the process repeated, now 
checking to make sure that any contractions which had already been detected in the 
previous assessment were ignored. This process was repeated n-1 times so that all 
possible permutations of propagation across the n transducer sites could be examined.
Implementation of propagation assessment algorithm
The program applied a pre-defined time window to the data, using a range o f velocities 
(vmin " vmax) oP between 9 - 3 0  mm/s. If a contraction was seen at one site (the
‘prototype’), the next distal site was then examined within the time window such that, 
if a propagated contraction (or ‘image’) is seen in an adjacent channel at a time t after 
the ‘prototype’ and tmin < t < tmax, it is deemed to be associated with the same peristaltic 
action as is flagged as being a propagated contraction. In the case of three channels of 
data a total of three different classes of propagation could be observed (Figure 7.1).
Type I
A fully propagated wave beginning at the most proximal region of the gut, and moving 
down past the two distal sites.
Type II
A contraction which begins at the proximal sensor but which only travels to the second 
sensor, and is not seen at the final point one.
Type III
A contraction which is not seen at the most proximal point of the gut but which 
propagates from the central sensor to the most distal.
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First, we can assume that we are able to record contractile pressure changes at two 
closely spaced recording sites, precisely fixed in space relative to the walls of the gut. 
The velocity of any propagated contractions is thought to be tied to that of the slow 
wave of electrical depolarisation which sweeps down the small intestine. Therefore, if 
a contraction is propagated from one site to the next it will be observed at the two site 
with a time delay equal to the distance between the two sites divided by the mean 
velocity between these two sites (7.1).
Time delay, t = (x2 - xi) / v 7.1
Furthermore, the maximum frequency (fsw) of such contractions is set by the frequency 
of the slow wave. Therefore, the minimum time separation which may be observed 
between two consecutive contractile peaks is the inverse of this (7.2).
Minimum time separation, tmin 1 I fsw 7.2
Clearly, the minimum separation which would be required in this situation to allow for 
correct association of contractions recorded from adjacent sites must be dependent on 
these two factors.
Figure 7.2 illustrates the problems encountered in attempting to associate contractions 
recorded from two adjacent sites. Where the velocity of the propagation of 
contractions is unknown a range of possible velocities must be defined. This results in 
a ‘window’ of possible velocities, bound by maximum (vmax) and minimum (v,„in) 
values. This fixed velocity ‘window’ translates into variable time ‘window’ depending 
on the transducer separation which is used, this too is bound by maximum (tmax) and 
minimum (tini„) values. This time ‘window’ increases as a function of the transducer 
separation (Equation 7.3a and 7.3b).
Simple model of propagation
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7.3a
tmin d  X  V]max 7.3b
Assessment of propagation algorithm
Data acquisition and analysis
A healthy volunteer, who had given informed consent, was intubated using a flexible 
naso-jejunal catheter incorporating three miniature strain-gauge transducers separated 
by 150 mm (Gaeltec Ltd, Dunvegan, Isle of Skye, UK). Pressure changes were sampled 
at 5 Hz and stored on a portable digital 2 Mb recorder (London Medical Electronics 
Ltd, Northampton, Northants, UK) with a 1 Byte resolution and pressure range of 0- 
200 mmHg. During the study, the subject was ambulant, returning to the laboratory 24 
hours later, when the recording was discontinued and the manometric probe removed. 
The recorded data were then downloaded to an IBM compatible computer (Viglen 
Computers Ltd, Alperton, Middlesex, UK) for analysis. Using software developed in 
this unit (Chapter 5) the signals were analysed to identify contractile events occurring 
in all three recording sites and this information was stored as sequential event 
information for each data set.
Modelling propagation
Due to the inherent errors of manual analysis it is not viable to directly compare the 
performance of the computer to that of human scoring, therefore a method for creating 
a controlled data set to test the algorithm was developed. In order to generate a set of 
data with a known number of propagated events one set of real data recorded from the 
small bowel was chosen. This data set consisted o f event marks derived from 
contractions already recognised by software. From this data two more identical data 
sets were generated with known phase differences (t and 2x) in order to simulate 
equally spaced sensors. This simple approach gave three data sets with all contractile
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events propagating with the same velocity, v=d/x (where d is the distance between 
adjacent transducers). Therefore, to simulate contractions propagating with a velocity 
of 15 mm/s and a sensor separation o f 150 mm, z — 10 s.
These data sets became the basis for testing the performance of the algorithm. From a 
model with 100% propagated contractions it was possible to introduce a known 
amount of random deviation by randomly moving a predetermined proportion o f the 
overall events +/-Nr/S s (where Nr was a random number between 1-100 and S was the 
sampling rate used). Comparison o f the resulting velocity distribution as seen by the 
algorithm for the purely propagated model and the noisy models was made to 
demonstrate the theoretical errors which may occur resulting in False Positive 
decisions.
Results
A total of 2322 contractions were identified in the original data-set. When no noise was 
introduced into the model, the effect of applying a constant phase shift to the data 
should result in the identification of all o f these contractions within the signal with the 
same propagation velocity. This was indeed the case, however it also produced 
artefactual propagated events occurring at multiples of the slow wave period (as seen 
in the sub-peaks in Figures 7.4 and 7.5). The effect of introducing a random spread of 
propagation into the data reduced the magnitudes of both the main peak 
(corresponding to the 'real propagation' or True Positives [TP]) seen at the original 
velocity, with an increase in the number of events seen at other velocities (False 
Positive [FP]). By applying a higher level of discrimination on the data, considering 
only those events which were seen to have propagated over the full three transducer 
sites, the proportion of TP to FP is markedly improved. This is clear from Figure 7.5, 
where the magnitude of the sub-peaks is greatly diminished in comparison to Figure 
7.4. The possible errors in the identification of propagated events is dependent on the 
inter-contraction spacing since this determines the width of the time window to be
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used, thus determining the effects o f  errors from FP sub-peaks. Figure 7.6 shows the 
results o f  altering the inter-contractile spacing on the positive predictability o f  the 
algorithm (TP/[TP+FP]). Increasing the noise in the system produced a further 
degradation o f  the positive predictability, but this w as minimised markedly using type 
III discrimination (Fig. 7.7).
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Figure 7.4 The effect of noise on the model of propagated activity [(a) 0%, (b) 20%, (c) 40%, (d) 60%, (e) 80% 
and (f) 100% noise] for all detected propagated activity. The main peak at 0 lags corresponds to all peaks 
detected as propagated at 15 mm/sec, sub-peaks at the slow wave interval correspond to artefacts of the detection 
system.
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Figure 7.5 The effect of noise on the model of propagated activity [(a) 0%, (b) 20%, (c) 40%, (d) 60%, (e) 80% 
and (f) 100% noise] for only type HI (sites 1-2-3) propagated activity. The main peak at 0 lags corresponds to all 
peaks detected as propagated at 15 nun/sec, sub-peaks at the slow wave interval correspond to artefacts of the 
detection system.
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T r a n sd u ce r  se p a r a tio n  (m m )
Figure 7.6 The effect of increased transducer spacing on the specificity of the peak picker to true propagated 
events as predicted by tire model for all types of propagation and only type IE (sites 1-2-3) [no noise added]. The 
specificity falls in steps, the positions these steps corresponding to points where the window spans multiples of 
inter-contractile intervals.
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% noise
Figure 7.7 The effect of increasing noise on tlie specificity of the propagation detection program for a range of 
inter-transducer separations with propagated events observed across (a) two sites and (b) 3 sites.
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Protocol
16 normal healthy male subjects underw ent prolonged 24 hour am bulatory monitoring. 
A  three sensor catheter w as introduced per-nasally o r per-orally w ith the aid o f  
fluoroscopic screening as described in chapter 4. Recording w as commenced at 12:00 
on day 1 w ith tw o meals given at 13:00 (Meal 1) and 19:00 (M eal 2). The procedure 
for recording w as as described in chapter 4.
A fter 24 hours o f  recording, the data from all subjects was transferred to  a PC  for 
analysis as described earlier. From  the contractions which had been identified the 
propagated activity present in these traces was examined. Only contractions which 
w ere deemed to  have traversed all three recording sites w ere considered to  be 
propagated. Therefore, the contractions were required to  have travelled at least 300 
mm. The propagation was expressed w ith respect to  the central recording site, such 
that to ta l num ber o f  contractions (n lot) to  have occurred in a set period o f  tim e at that 
site w as com pared with the num ber o f  fully propagated contractions (nprop). Thus, the 
proportion o f  propagated activity, or Index o f  propagation (Ip) could be calculated as 
Ip Rprop/lhot 7.4
Analysis
The data w as divided into 30 min bins and examined to  derive I p for each bin. The 
median value of I p for the period before the tw o meals was com pared with both  meals 
using a W ilcoxon matched-pairs, signed rank test w ith a significance level o f  p<0.05.
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Identification of propagation
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Figure 7.8 shows a short section o f  motility trace with the propagated contractions 
indicated by dotted lines. N ote  that some contractions only appear to  propagate across 
tw o o f  the three recording sites.
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Results
Time (min)
Fig 7.8 The results of computer identification of propagated contractions. Three signals, recorded from sites 
spaced 150 mm apart, centred at the junction of the duodenum and jejunum show recognised contractions beneath 
each analogue trace. Those contractions which have been identified by the computer as propagating are joined by 
the dotted lines.
N o sustained change in the proportion o f propagated activity was seen during the two 
meals as can be seen in Figure 7.9. A slight increase in the proportion o f propagated 
contractions was seen after both meals, which proved statistically significant for a
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minimal period o f  time. The limitation in only registering propagated contractions over 
such a long distance almost certainly reduced the sensitivity o f  such a measurement. It 
is likely that propagation over shorter distances may occur m ore commonly and these 
regional propagated events would not be detected.
* p < 0.05
12:30 13:30 14:30 15:30 16:30 17:30 18:30 19:30 20:30 21:30 22:30 23:30
Real time (hours:minutes)
Fig 7.9 Indication o f  the effect o f  tw o m eals on the propagated activity in 16 healthy subjects. Each o f  the 30  
m inute m eal b ins is  com pared w ith  the m ean fasted values. The asterisk (* )  indicates a sign ificant increase in Ip 
(p < 0 .05 ).
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Theory
Cross-correlation is a powerful technique, used for the assessment o f  both the 
predom inant frequencies and the underlying phase relationships betw een periodic 
com ponents within signals (Reddy et al, 1981; Postaire et al, 1978). In this situation 
tw o similar data sets are com pared by direct superimposition at a range o f  phase 
differences, X. Generally tw o continuous time series g(t) and h(t) may be operated on 
by the correlation function K(g,h,x). The correlation will be large at some value of x if 
the first function (g) is a close copy o f  the second (h) but lags it in phase by x. I f  the 
tw o functions contain a com m on periodic component the resulting correlation will 
contain multiple peaks at the comm on periodicity.
I f  w e consider the situation in the gut there are close analogues to  this betw een tw o 
adjacent pressure records at sites A  and B. The m odulation o f  activity by the slow 
wave will result in the cross correlelogram  o f  these signals showing a peak at a time lag 
corresponding to  the passage o f  contractions from S* to  S2, w ith further sub-peaks
spaced according to  the period o f  the slow wave. It is possible to  calculate a "Centre o f  
gravity" (CoG) for the resulting cross-correlelogram  which represents an estim ate o f  
the central tendency o f  the distribution and the underlying phase difference, T0, betw een 
the tw o signals.
Phase difference, XQ = CoG = X(nK[xn]) / X(K [t„]) 7.5
H ere K [ t ,J  is the value o f  the correlation coefficient o f  the tw o signals at a phase 
difference of Tn and n is an incremented value in the range 1 - > N  corresponding to  
relative phase difference betw een the tw o signals. Therefore if  d is the inter-transducer 
separation:
Effective velocity, vQ = d / %  7.6
Dynamic estimation of contraction velocity
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512 successive 5 minute cross-correlations on finite sections o f  the original signal w ere 
perform ed, using the data from  the tw o m ost proximal sites (duodenum : separation 150 
mm); the relative position o f  the calculation being shifted by one minute and 
recalculated giving an overlap o f  4 minutes with the previously calculated values. A 
total o f  516 minutes was encompassed by this approach. The resulting tw o dimensional 
coefficient K(x,t) expressed the relative abundance o f  different phase difference 
com ponents with respect to  time, therefore the effective variation o f  contractile 
velocities could be illustrated. C oG  calculations were perform ed over the range o f  tim e 
lags from  0 - 2 5  sec (minimum effective velocity =  6 mm/sec).
Results
The successive cross-correlations resulted in the running cross-correlelogram  shown in 
Figure 7.10. In this figure the degree o f  correlation betw een the tw o signals was 
plotted both  against phase difference and time for 512 m inutes o f  the record, the solid 
line signifies zero phase difference. By plotting the variation o f  the centre o f  gravity o f  
the cross-correlelogram s (Fig 7.11) the variation in the phase difference betw een the 
tw o signals can be seen to  lie betw een about 3.5 and 19.5 seconds, w ith a period w ere 
the centre o f  gravity approaches zero corresponding to  a quiescent episode. D uring 
periods o f  active contractions the effective phase difference betw een the adjacent 
channels appears to  fluctuate over many minutes (median velocity =  10.6 mm/s; 
Interquartile range = 12 - 18 mm/s).
Methods
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Figure 7.10 T lu ee d im ensional representation o f  the cross-correlation betw een  tw o simultaneous recordm gs 
position ed  150 mm apart w ithin  the proxim al sm all bow el
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Figure 7.11 Result ot calculating the centre ol gravity of tlie above cross-correlelograms
1
6 0 0
169
- Spatial co-ordination of tlie small intestine -
Introduction
In addition to  the movem ent o f  individual contractions dow n the small intestine, w ith a 
normal velocity o f  approximately 10 mm/s, the phase III complex is know n to  m igrate 
distally along the length o f  the gut at a far slower rate, approxim ately 0.5-1 mm/s. This 
m ovem ent o f  the complex is thought to  be far more variable in velocity. Since the 
m ethod has already been described (Chapter 6) for the identification o f  individual phase 
III episodes, the possibility o f  modifying the algorithm above, for the identification o f  
phase III propagation w as explored.
Method
The program  in Chapter 6 which identified the start and end times o f  phase III 
complexes w as modified so that a new data file was created for each channel o f  
recorded data. This new file stored the start time o f  each o f  the recognised phase III 
episodes in the same form at as the files containing the recognised contraction 
information. Therefore, the program  for the identification o f  propagated contractions 
w as able to  be used directly for the assessment o f  phase III velocities.
Validation o f  the use o f  this program  for measurem ent o f  phase III propagation rates 
w as perform ed using the data obtained in Chapter 6 relating to  the identification o f 
phase III episodes by 6 experienced observers.
24 hour ambulatory pressure recordings were carried out in 3 healthy male subjects 
(M edian age 31 years; range 22-45 years). Analogue records w ere played back onto a 
Gould y-t chart recorder set so that a distance o f  10 mm corresponded to  an elapsed 
tim e o f  60 s and 25 mm corresponded to  a pressure change o f  100 mmHg. These 
records w ere sent to  the six experienced observers for analysis, broken up into 30 min 
sections o f  trace. F or each section the observers w ere asked to  identify any phase III
Assessment of phase HI propagation
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activity which might be present, marking on the onset and termination o f  this activity in 
each individual channel.
The velocity o f  each set o f propagated phase III events was calculated from the 
markings on each trace and compared with the velocities resulting from the com puter 
identification o f  phase III onset.
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Figure 7.12 A greem ent betw een  the median Phase III velocity o f  observers and the m igration velocity  calcu lated  
by the algorithm. A ll Phase III events (n-29) identified  as being propagated by botli the algorithm  and > 4 
observer are included in the analysis.
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29 phase III events w ere identified as propagated by both the observers and the 
computer. The agreement in the estimation o f  velocity is shown in Figure 7.12. The 
bias for the mean difference over the range o f  migration velocities betw een 0-180 mm/s 
w as -1.3 mm/s, indicating that the algorithm had a tendency to  over estimate the 
velocity o f  phase III by this amount. The 95%  confidence intervals incorporated zero 
thus indicating that there was no significant difference betw een the tw o methods. The 
majority o f  data points fell within the limits o f  agreement (-2SD :-3.84, +2SD: +3.56). 
Thus, there was good agreement betw een the two methods.
Discussion
The use o f  point sensors to  m onitor m otion o f  contractions o f  complexes o f  contraction 
is problematic. The assum ptions o f  both continuity and uniformity o f  these propagative 
phenom ena introduce a significant margin for error. Nevertheless, the use o f  
com puters for the discrimination o f  this form o f  activity has the undeniable advantage 
o f  consistency and objectivity.
In the case o f  the identification o f  the m otion o f  individual contractile events, the 
requirem ent for closely spaced recording sites is undeniable. Transducer technology, 
and a conflicting requirem ent to  adequately map the progression o f  Phase III m igration, 
constrain the form o f  catheter which may be employed. Currently, the catheters which 
are used cost about £800 for each strain gauge, and each strain gauge m ust be spaced 
at least 10 mm from its nearest neighbour.
D ue to  the poor observer consistency which was dem onstrated in Chapter 5 it was 
considered to  be impossible to  validate the propagation algorithm  using direct 
com parison w ith observers. For this reason, the developm ent o f  a model w as 
undertaken. This has served to  confirm that the propagation algorithm is able to  detect
Results
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the passage o f  contractions along the bowel, while illustrating the limitations o f  a 
widely spaced array o f  recording sites. Although we do not recom mend the use o f  
widely spaced recording sites, the model does confirm that the incorrect detection o f  
propagated contractions may be significantly reduced if  the requirem ent for three, 
rather than a pair, o f  associated contractions is introduced.
The main obstacle to  accurate detection o f  propagated contractions must be the 
uncertainty as to  the expected velocity o f  each contraction. This is poorly documented, 
especially in man, and causes a wide velocity window to be used for the detection o f 
propagated contractions than may be necessary. This is the reason for the investigation 
o f  the dynamic velocity estimation.
I f  we can accurately assess the dominant phase relationship betw een adjacent recording 
sites, the magnitude o f  the velocity w indow  which is required for the identification o f  
associated contractions will be greatly reduced. The cross-correlation technique 
illustrates that this is indeed possible, clearly showing, where contractile activity was 
present, that the phase relationship, expressed by t0, provides a realistic m easure o f  the 
dominant propagation velocity.
The identification o f  the propagated component o f  Phase III has always been an 
im portant element in the analysis o f  small bowel motility. It is one o f  the best 
docum ented o f  the motility param eters and is commonly cited in reports on dysmotility. 
It is, however, highly variable across subjects, although it does appear to  be consistent 
for any subject. Therefore, its value as a diagnostic indicator is debatable.
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C h a p t e r  8  T h e  d e v e l o p m e n t  o f  a
m o t i l i t y  d a t a b a s e
Introduction
The techniques for semi-automated analysis o f  motility traces provide a wide range o f  
tools for the objective m easurem ent o f  motility param eters, how ever their 
m easurem ent alone cannot in itself reveal physiological or pathological motility 
disturbances. To do this it is first necessary to  develop a database o f  m easured values 
under ‘norm al’ physiological condition.
Database design
M icrosoft Access™ , a relational database, was chosen, operating within the M icrosoft 
W indow s™  environm ent so that simple exchange o f  data could be achieved. W ithin 
this database a series o f  ‘tables’ w ere created (see Figure 8.1).
Fig 8.1 Database design for small bowel motility records. Implemented in Access, the small databases are 
linked together using field which are common between two or more of tlie databases. Dotted databases illustrate 
tlie proposed format for recording tlie response to different stimuli.
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This contained the simple demographic details o f  the subject being investigated. 
Subjects w ere assigned either a hospital number, for patients, or a volunteer number, 
for the healthy volunteers. Included in this database w ere date o f  birth, sex, contact 
address and number, and medical details, if  appropriate.
Protocol details
E ach experimental protocol w as assigned a unique protocol number, an ethical 
com m ittee number, and an additional memo field was included with a detailed 
summary o f  the study protocol.
Investigator details
The name, title and academic position o f  each investigator w as stored in this database 
w ith a unique investigator number assigned to  each investigator.
Overview o f  study
This database contained a summary o f  the results for each o f  the studies included in the 
database. Fields include: study number (unique), protocol number, subject number, 
start time o f  study, time to  bed, time to  wake, meal information, pain information, 
comment.
MMC details
In  this section, each individual cycle o f  the M M C is described in detail, w ith reference 
to  the phase o f  the M M C. Therefore, the timings o f  each Phase I, I and III m aking up
Subject details database
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one cycle o f  the M M C is stored, including the median amplitude, m otility index 
(calculated from  the area under the curve per unit time), and contractile incidence 
Phases II and III. N o  such information was needed for Phase I since it is defined as a 
period o f  no contractile activity. Furtherm ore, the propagation velocity o f  each Phase 
III episode which term inated the study w as stored.
Post-prandial details
From  the time o f  feeding, for seven hours after each meal, the activity was analysed in 
epochs o f  30 minutes. For each epoch, the cluster incidence, contraction incidence, 
median amplitude, motility index and Psw w ere stored. Each record w as assigned a 
subject number, protocol number, study number, meal number and epoch num ber to  
precisely identify each epoch.
Database contents
N orm al control data w as included into the database from 32 healthy control subjects, 
over 6 different protocols, and 72 studies o f  24 hours or longer. Therefore, over 1700 
hours o f  data had been recorded, analysed, collated and stored in the database. In all 
cases the data w ere taken from  studies in which the subjects w ere m easured a second 
tim e subjected to  some treatm ent regime, therefore this represents a total o f  over 3500 
hours o f  data.
- Small bowel motility database -
176
- Small bowel motility database -
Report generation
R eports are generated using W ord™  (M icrosoft, U SA ) in conjunction with 
SigmaPlot™  (Jandel Scientific, Germany). There are tw o sections to  the small bowel 
motility reports.
The first is an overview, in both graphical and tabular form, o f  the full 24 hours o f  
motility which has been seen. The tabular section contains the median, inter-quartiles 
and range o f  the normal subjects with respect to  contraction incidence, cluster 
incidence, Psw  as well as the number o f  cycles o f  the M M C while asleep and awake. 
This is reinforced by a histogram  o f  the contractile incidence over the foil 24 hour 
period, showing any events such as sleeping, feeding and pain.
Overall Normal range Patien t
Day Cycles 0 0 1.75 3.25 9 0
Night Cycles 0 2.3 4.25 5.2 9 5
Contraction incidence 1.5 1.8 2.25 2.8 3.4 1.3
Psw 1.4 1.75 2.3 2.8 4.6 4.2
Cluster frequency 0.10 0.11 0.14 0.17 0.19 .04
Table 8.1 Example of overall summary section. In this section the normal values are shown on the left, 
represented as the median interquartiles and extremes of the normal data. The median values recorded from an 
individual subjects are compared with this on the right hand side of the table. The values are positioned to mirror 
their relative position in the normal ranges shown adjacent to them.
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16:00 18:00 20:00 22:00 00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00
Real-time (Hours)
Fig 8.2 Overall view of contraction frequencies during a 24 hour study. This study was recorded using a new 5 
channel digital recorder and catheter which had sites mounted at intervals of 120 mm, 30 nun, 30 mm, and 120 
mm along its length. In this recording tlie 2nd most distal trace (2nd from bottom trace) corresponds to the 
position at the duodeno-jejunal flexure and the most proximal site (top trace) corresponds to the pylorus (or 
sphincter between tlie stomach and duodenum). Tlie meal and sleep times are indicated below tlie traces and 
pain and defaecation is indicated by the vertical lines. Each trace corresponds to o plot of the contractile 
frequency (or incidence) over a period of time defined as (24/700) hours or 123 s.
The second representation is a series o f  graphs indicating the median, inter-quartiles 
and range o f  the descriptive param eters o f  the MMC in the control subjects. 
Superimposed onto these graphs are the individual points recorded for the subject in 
question. These graphs are plotted separately for both waking and sleeping hours.
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N o c t u r n a l  M M C  a c t i v i t y  r e p o r t
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Fig 8.3(a) Nocturnal MMC activity summary. The horizontal box-and-whisker representations indicate the 
median, inter-quartile, 5th and 95th centiles and outliers for the normal values in the database. Solid dots (•) 
indicate the measured values for the patient under investigation.
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Discussion
A t the time o f  writing, the report system is being used as standard practice for the 
summary o f  small bowel motility records. It provides a quick, understandable means 
for the clinicians to assess the deviation o f  individual motility patterns from  normality. 
The aim is to  refine the reporting system so as to  develop a scoring scheme in order to 
enhance the m ore physiologically important differences with respect to  those which 
appear to  have little relevance to  disease state.
Disease may often manifest itself as an alteration in the response o f  the intestine to  
particular stimuli, such as stress, food or drugs. Therefore, the database should be 
refined to  include an indication o f  the response o f the intestine to  certain pre-defined 
stimuli. The response to  feeding is one o f  the most straightforward o f  these which has 
already been partially included into the database, however this requires the re-analysis 
o f  many o f  the records because the method o f  post-prandial analysis was not defined 
w hen the database was first initiated.
The inclusion o f  a full description o f  the characteristic propagation o f  contractions in 
different phases o f  the M M C and during post-prandial activity is also required. At the 
tim e o f  writing, closely spaced recording sites (as in Fig 8.2) have not yet been used 
for the m easurement o f  normal values o f  contractile propagation. A  full study on 
normals looking at propagation o f  contractions during fasted and fed activity is 
planned in the near future using the new 5 channel catheter, o f  which the central 
recording site is surrounded on either side by additional strain gauges at a distance o f
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30 mm proximal and distal. This should allow for the accurate identification o f  local 
m igration o f  pressure waves.
Finally, the database is not fully interactive at the moment, requiring the manual input 
o f  data from  previously analysed records. It is intended that the  system will be made 
fully interactive so that the data from  individual small bowel analysis may be directly 
introduced to  the database for comparison or supplementation.
- Small bowel motility database -
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C h a p t e r  9 C o n c l u s i o n s  a n d  
s u g g e s t i o n s  f o r  
f u r t h e r  w o r k
M easurem ent o f  gastrointestinal motility still remains an imprecise endeavour. 
Functional disorders o f  the bowel remain poorly understood and ill-characterised. 
D espite these pessimistic statements, the development o f  the  system described in this 
w ork  w as a necessary and valuable contribution tow ards the day w hen w e may finally 
be able to  revise these assertions. Certainly, there is debate about the validity o f  a 
significant body o f  previously published work, but there is also a better understanding 
than ever before into the physiological variability which appears to  be inherent in such 
recordings.
It is this variability which holds the key to  the final understanding o f  such data. By 
variability tw o totally separate processes are referred to: that o f  the  physiological 
variability o f  the subjects to  be studied and, o f  equal importance, the variability o f  the 
investigative protocols used by different researchers.
To address the latter first, it should be understood that, although m uch o f  this 
variability may be an inherent physiological characteristic o f  the m easurem ents, the 
investigator has played an im portant part in the final assessment, and hence the 
ultimate analysis o f  these traces. It has been clearly dem onstrated by our com parison 
o f  six experienced observers that the apparently straightforw ard task  o f  identifying 
contractions in a short 60 minute pressure recording produces w ide variations in both 
inter and intra observer response. The identification o f  m ore complex patterns such as 
that o f  clusters o f  contractions is, unsurprisingly, extremely subjective. The use o f
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com puter analysis in this field not only enables the identification o f  such complex 
patterns to  becom e m ore objective, but it opens up the field to  the possibility o f  the 
m easurem ent o f  other descriptive param eters which w ere previously beyond the scope 
o f  visual analysis (such as P svv).
M any o f  the param eters which may be m easured are highly variable and it is difficult to  
establish normal steady state values. It seems likely that a better indicator o f  the 
underlying physiology is the response o f  the intestine to  stimuli such as food, stress 
and certain drugs. The normal hom eostatic mechanisms which control the intestine, as 
with all other parts o f  the body, become m ost apparent during a physiological 
challenge. W ith the objectivity that the com puter gives us it is possible to  build up a 
clearer picture o f  the net response o f  normal people to  these challenges. As was 
shown in Chapter 6, the effect o f  feeding is profound. M any other factors affect the 
motility o f  the gut, and it is this response to  stimuli which may provide a means by 
which the variability in normal subjects may be reduced.
To illustrate this point, during the first few hours o f  fed activity, the  P sw score changes 
from  having a broad range o f  values (2-37 ) to  a tightly grouped value (1.2-3.5) w hen 
normal volunteers w ere studied. Although the effect o f  meals on the P sw value in 
diseases such as IBS and pseudo-obstruction have not yet been studied, the  overall 
effects over a 24 hour period only have so far been examined It may be possible detect 
significant differences in the response o f  a diseased gut in this respect. It has already 
been docum ented that the fed response in many o f  these patients appears to  show
184
abnormal clusterred activity but this has not yet been quantified objectively w ith any 
objective method.
The program  which allows for the identification o f  propagated contractions may now  
be used for the analysis over short lengths o f  bowel since w e have begun to  m ake use 
o f  a new 5 channel system for recording, incorporating a 5 channel catheter w ith an 
array o f  three closely spaced recording sites (each spaced 30 mm apart) at the  position 
o f  the D /J flexure. A  full description o f  propagated activity w ould require a  large 
num ber o f  recording sites so that an estimate o f  the distances over which contractions 
propagate might be made. The information obtained w ith respect to  propagated 
activity becom es extremely complex since to  fully describe a propagated contraction 
one m ust consider its site o f  initiation, velocity, distance o f  propagation and amplitude. 
Therefore, since a finite number o f  recording sites may be used, only a portion o f  the 
bowel may be examined and an estimate as to  the overall spatial coordination may be 
arrived at. Furtherm ore, some contractions may move in a retrograde direction causing 
even m ore complex contractile phenomena.
W e are currently using the cross-correlation technique to  investigate the possible 
changes in the phase difference which would be brought about by the longitudinal 
com pression or expansion o f  the walls o f  the gut. In collaboration with a group in 
Omaha, N ebraska, w e are suturing a pair o f  strain gauge sensors on the serosal surface 
o f  a canine bowel, while also introducing a separate pair o f  intraluminal sensors at the 
same positions, the phase differences betw een the tw o sets o f  sensors may be assessed, 
leading to  an indication o f  the relative movement o f  the wall o f  the gut w ith respect to
- Conclusions -
185
the intraluminal sensors. Thus an estimate o f  the effect o f  longitudinal m ovem ents o f 
the small-intestine may be made in-vivo for the first time.
The developm ent o f  a detailed database o f  both normal and patient data is well 
underway. The difficulty in comparing a one-off patient study with a ‘norm al’ 
database rests w ith the problems in standardising the m easurem ent regim e for the 
patient data. It is often difficult to  dictate the precise timing and content o f  meals to  
be given to  patients as well as limiting the medication given to  such patients. F o r this 
reason, the differences which are seen betw een patient groups may be misleading. 
Often, only the m ost pronounced deviations from normality allow the investigator to  
decide w ith any certainty that a patient is ‘abnorm al’.
In conclusion, in the few  years that have elapsed since this project started the field o f  
ambulatory small bowel motility recorded has grow n significantly. The introduction o f  
a num ber o f  commercially available solid-state recorders, coupled with the ability to  
archive digital data for later analysis has seen the influx o f  many new  investigators to  
the field (Charles et al, 1994; Schmidt et al, 1992; W aldron et al, 1992). This increase 
in interest is due in a large part to  the development o f  software for the  analysis o f  these 
recordings. This software has been comprehensively validated and scrutinised by 
leading authorities in the field and has provided the means for quick analysis and 
display o f  multiple channels o f  data, allowing for the com plete analysis o f  a 24 hour 
three channel recording in about 20 minutes using a 33 M H z 486 PC. M any 
improvements are necessary to  allow it to  keep pace with the increasing dem ands o f
- Conclusions -
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investigators but its m odular form should allow for these to  be introduced w ith a small 
amount o f  effort.
At the time o f  writing, this database represents one o f  the few databases derived from 
digital recording and analysis o f  normal small bowel motility. As such it has begun to  
clearly define what is meant by ‘norm al’ motility patterns. In doing so, it paves the 
w ay to  seriously make comparisons with patient data and thus enable this form  o f  
recording to  be used clinically for the first time.
- Conclusions -
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